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ABSTRACT

SNOWMELT AND RAINFALL RUNOFF IN BURNED AND UNBURNED CATCHMENTS AT

THE INTERMITTENT-PERSISTENT SNOW TRANSITION, COLORADO FRONT RANGE

Winter snowmelt and summer monsoonal rains are the dominant sources for
streamflow in the Colorado Front Range, and wildfire can greatly affect the hydrologic regime
through which these inputs are delivered to the stream. However, the specific changes to the
hydrologic processes that drive runoff production made by wildfire are not clearly understood.
This research examines how wildfire affects the timing and magnitude of runoff production
from snowmelt and rainfall by comparing four catchments in and near the High Park Fire area,

two burned and two unburned, at the intermittent-persistent snow transition.

Catchments were instrumented to monitor snow accumulation and ablation, rainfall,
soil moisture, soil and air temperature, and streamflow response throughout water year 2015.
These data were then utilized to determine the primary mechanisms of seasonal runoff
generation and the magnitude of that runoff from each catchment. Runoff remained very low
at all catchments during winter months. Spring snowmelt runoff in the form of lateral
subsurface flow dominated catchment hydrographs for the water year. Following spring
snowmelt, runoff production transitioned to a rainfall-dominated, drier summer period.
During this time, limited infiltration excess overland flow was produced from high intensity

rainfall events.



Results of this research suggest that the loss of canopy cover due to wildfire may result
in increased snowpack density and more intermittent snowpack throughout the winter months.
Burned monitoring sites also maintained higher soil moisture than unburned sites, but this may
be a function of site-specific variability rather than burning. Elevated soil moisture at burned
sites did not translate to consistently higher runoff production. Both total runoff production
and runoff ratios were highest in the high elevation unburned site with the highest snow
persistence and the lowest elevation burned site with low snow persistence. During the one
high intensity rain event that affected all catchments, burned catchments experienced an
increase in discharge above baseflow of a greater magnitude than unburned sites. Overall, all
catchments monitored showed site specific characteristics that defied easy classification but

illustrated local variability in the hydrologic variables monitored.
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1 INTRODUCTION

Winter snowmelt and summer storms are the dominant sources of streamflow in the
mountains of the Colorado Front Range (Colorado Climate Center, 2015). Wildfire changes the
hydrologic regime of this region by removing forest canopy and ground cover, decreasing
interception of snow and rainfall, and increasing overland flow response to snowmelt and
summer rains (Westerling et al., 2006). Greater overland flow causes increased hillslope erosion
and flashier streamflow response, which has ramifications for sediment transport, channel
geomorphology, and downstream water quality. While the erosion and sedimentation
consequences of wildfire have been widely studied in this region (e.g. Benavides-Solario and
MacDonald, 2005; Moody et al., 2005; Robichaud, 2005; Wagenbrenner et al., 2006), less research
has been done on the hydrologic processes that drive these responses. This study examines how
wildfire affects hydrologic response by comparing burned and unburned catchments in and
near the 2012 High Park Fire in northern Colorado. The primary purpose of the study is to
determine how wildfire affected the timing and magnitude of runoff from snowmelt and
rainfall. To accomplish this, the research evaluates differences between snow accumulation and
ablation, rainfall, soil moisture, soil and air temperature, and streamflow response across two

burned and two unburned research catchments.



2 BACKGROUND

Wildfire can impact many of the hydrologic processes that lead to runoff generation
(Table 1). Removal of canopy cover and changes in vegetation and soil properties may result in
increases or decreases in the relative magnitude of a number of hydrologic variables. This
section describes the nature of these processes in the study area and how they may be affected

by wildfire.

Table 1: Conceptual table showing expected changes in a number of hydrologic and
hydrologically relevant variables following wildfire. Plus signs (+) indicate and
increase and minus signs (-) indicate a decrease.

Variable Effect of burn
Solar insolation +
Interception -

Snow accumulation

Snow ablation rate

Snow persistence -

Peak SWE +/-
Evaporation +
Transpiration -
Infiltration -

Runoff +/-

2.1 Snow accumulation and melt

Inputs to streamflow in the Colorado Front Range can be either snowmelt, rainfall, or a
combination of both. Snowfall begins as early as October for some areas of the Colorado Front
Range, but greatest spatial extent of snow cover is seen December through February (Richer et

al., 2013; Moore et al., 2015). Snow cover is strongly correlated to elevation and air temperature,
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two collinear factors that result in greater amounts of precipitation falling as snow, greater
accumulation, and increased snowpack persistence at high elevations (Richer et al., 2013).
Previous studies divided the region into snow zones based on mean annual snow persistence
during 1 January — 3 July. These studies used NASA’s Moderate Resolution Imaging
Spectroradiometer (MODIS) snow covered area data from 2000 — 2010 to identify three primary
snow zones (Richer et al., 2013; Moore et al., 2015). The persistent snow zone (PSZ) is the
highest elevation zone where snow cover is present every winter, lasts into late spring, and
where the timing of ablation does not change with elevation. The transitional snow zone (TSZ)
is a middle elevation zone where snow cover is present every winter, lasts through winter, and
ablation occurs later with increasing elevation. The intermittent snow zone (ISZ) is the lowest
elevation zone where snow cover is more inconsistent and does not always last continuously
through winter. Despite the common use of 1 April for peak SWE, peak SWE for this region
varies with elevation between mid-April and mid-May, driven by spring snowfall. Complete
ablation of the snowpack typically occurs in May or June, with the region remaining snow-free

from July through September (Richer et al., 2013).

At fine scales within a given snow zone, canopy cover, interception, and sublimation
control snowpack accumulation. Forest canopy can intercept and sublimate 25-45% of snowfall
(Hedstrom and Pomeroy, 1998), so when wildfire removes canopy, canopy interception
decreases, and greater solar insolation affects snow accumulation and ablation. Removal of
forest cover can reduce spatial variability in the snowpack because canopy cover and vegetation

vary the magnitude and distribution of the snowpack (Harpold et al., 2014). Prior studies have



shown that snow accumulation in wildfire areas has later accumulation onset, greater overall
accumulation, and more fluctuation in soil temperature through the accumulation season
(Molotch et al., 2009). However, the effect of wildfire on peak snow depth varies regionally.
Burles & Boone (2011) found higher peak snow depth following wildfire at high latitudes and
elevations in Alberta, Canada, while Harpold et al. (2014) found lower peak snow depth
following wildfire in the warmer Jemez Mountains of New Mexico. Because of the greater
influence of solar radiation in burned areas, climates with high solar radiation can experience
more rapid ablation that varies by slope and aspect. Ebel et al. (2012) found that aspect was the
primary control on snowpack ablation immediately following a wildfire in the Colorado Front
Range, with south-facing slopes experiencing full ablation many times throughout the season
while north-facing slopes developed some continuous or nearly continuous snowpack. Over
time this aspect dependence may lessen due to the return of vegetation, but research still
suggests that even after 2-5 years of recovery, full ablation of the snowpack in a burned area
may occur weeks earlier than in an unburned area, because of less canopy and higher energy
availability (Burles & Boone, 2011; Winkler, 2011). Because of the combined effects of wildfire
on snow accumulation and ablation, snow water equivalent (SWE) shows a varying relation to
wildfire, with some studies (Burles & Boone, 2011; Winkler, 2011) finding increases in SWE as
high as 58% over unburned areas and other studies (Drake et al., 2008) finding decreases in

SWE following a fire.

During the ablation season, snowmelt water begins to move towards the stream via

lateral subsurface flow and/or overland flow (Dunne, 1978; Kampf et al., 2015). Some studies



have found that infiltration excess overland flow (IEOF) is rare during snowmelt except where
soils are frozen (Wilcox et al., 1997; Bayard et al., 2004; Smith et al., 2014). Saturation excess
overland flow (SEOF) is possible, particularly where melt of a deep snowpack leads to
sustained input and soil saturation (Dunne & Black, 1971; Kampf et al., 2015). Where
snowpacks are not as deep, lateral subsurface flow (LSSF) is likely the dominant mechanism of
streamflow generation from snowmelt. For a semi-arid mountain region in Idaho, McNamara
et al. (2005) defined a transition from a winter wet, low-flux period into a spring wet, high flux
period driven by snowmelt. During the wet period, soil moisture movement changed from
primarily vertical to primarily lateral, resulting in snowmelt-driven lateral subsurface flow to
the stream. Delivery of snowmelt water to the stream depends on the maintenance of spatial
connectedness in regions of soil moisture. Prior studies in the Dry Creek Experimental
Watershed, near Boise, Idaho, found that the strongest control on this connectivity is spatial
distribution of snow, followed by slope position, soil texture, and soil depth (Seyfried et al.,

2009; Williams et al., 2009).

In unburned areas, vegetation affects soil moisture patterns by changing the spatial
distribution of snow, creating preferential pathways into subsurface storage and modifying
evapotranspiration (ET) (Hunsaker et al., 2012). Differences in snow accumulation and melt
water delivery patterns can result in changes in hydrologic connectivity through hillslopes
(Hinckley et al., 2014). The decreases in snowpack spatial variability and increases in available
energy seen in burned areas can lead to considerable differences in soil moisture and stream

discharge. Burned areas may have a different sequence of inputs into soil moisture than



unburned areas due to a cycle of rapid accumulation and ablation (Ebel et al., 2012), which can
affect both hydraulic connectivity and lateral flow in the subsurface. More rapid evaporation
and draining from soils in burned areas can further decrease hydraulic conductivity across

hillslopes (Ebel et al., 2012).

2.2 Rainfall

In the Colorado Front Range, rainfall in summer months often takes the form of high-
intensity convective storms (Osborne et al., 1972; Wilcox et al., 1997; Ebel et al., 2012). The
transition from snow to rain may begin as early as April at lower elevations, though complete
lack of new snowfall across all elevations in the region may not occur until mid to late June in
many years (Richer et al., 2013). Rainfall in this region is also highly spatially variable, with
small-scale precipitation variability influenced by topographic variation (Osborne and Lane,
1972; Linderson, 2003; Smith et al., 2014). This spatial variability may change with event type
and magnitude (Smith et al., 2014). Vegetation also plays a key role in both the spatial
variability of rainfall reaching the surface and in the spatial distribution of soil moisture. Tree
canopy in semiarid regions can intercept as much as 60% of rainfall (Martinez-Meza and
Whitford, 1996). Tree roots also provide preferential flow paths into subsurface storage and
utilize soil moisture in transpiration. Trees and other vegetation also produce an organic rich
layer on the forest floor, which stores rainwater and impedes overland flow (Martin and

Moody, 2001).

Runoff production from rainfall events is closely related to event magnitude and

antecedent soil moisture conditions (Dunne and Black, 1970). Runoff generation can be in the



form of SEOF, IEOF, or LSSF. Wilcox et al. (1997) found that semiarid hillslopes experienced
IEOF following high intensity storms, and no SEOF was observed. They concluded that the
primary mechanism for movement of water once saturation is reached during rain events in
semiarid regions is LSSF. Though no SEOF was observed by Wilcox et al. (1997), long duration
frontal storms or rainfall occurring on saturated soils (e.g. following snow melt) may produce

SEOF on shallow, low-permeability soils (Lopes and Ffolliott, 1993).

Wildfire can completely alter forest canopy, forest floor, and near-surface soil conditions
(Shakesby and Doerr, 2006). This decreases interception, increases magnitude, and quickens the
timing of rainfall introduction to the soil surface. Wildfire burns or vaporizes the organic layer
covering the soil surface (Pierson et al., 2001; Ebel et al., 2012). Burning of this organic layer
replaces it with an ash layer, affecting initial water storage capacity prior to rainfall and, in turn,
the threshold for runoff generation (Ebel et al., 2012). Vaporization of the organic layer releases
organic compounds which can result in hydrophobicity at the soil surface, blocking water
infiltration into the soil (Robichaud, 2000). Soil infiltration and subsurface moisture storage
may also be affected by wildfire. Martin and Moody (2001) found a reduction in steady state
infiltration at burned locations following a wildfire compared to unburned locations, citing
increased water repellency, sealing of soil pores by hydrophobic compounds, and reduced soil
porosity due to combustion of organic materials in the soil. Garcia-Corona et al. (2004) also
found a reduction in hydraulic conductivity in near surface soils (0-5cm) that resulted in
decreased infiltration which facilitates surface runoff. These wildfire-related changes in

vegetation and soil properties are transient, showing greatest effect immediately following a fire



and lessening over time. Pre-fire conditions of infiltration are usually restored within three to
five years following the fire (Moody and Martin, 2001; Pierson et al., 2001). Moody and Martin
(2001) found that storms with a 30-minute rainfall intensity (Iso) of about 1cm/h produced more
runoff and higher peak discharge one year after a fire than storms with the same intensity
produced in the third and fourth years following a fire, potentially due to changes in

infiltration.

In the body of literature cited above, no previous study has attempted to synthesize the
hydrologic outcomes of all three factors: snowmelt, rainfall, and wildfire. This research
examines changes in the timing and magnitude of runoff from burned and unburned
catchments during snowmelt and during rain storms in an area near the boundary between

seasonally intermittent and seasonally persistent snow cover.



3 SITE DESCRIPTION

The High Park Fire burned in June of 2012 in the foothills and mountains west of Fort
Collins, CO, sparked by a lightning strike following an unseasonably dry spring (Colorado
Climate Center, 2015). The fire burned for 21 days from spark to full containment and affected
over 353km?, making it the second largest fire by area in Colorado state history (High Park Fire
BAER Report, 2012). Of this 353km?, 21% of the area was unburned, 24% had low severity burn,
15% moderate severity burn, and 40% high severity burn (Stone, 2015). Vegetation prior to the
tire consisted of mixed forests of lodge pole pine, ponderosa pine, and Douglas-fir. Stands of
aspen were interspersed in forests across the elevation gradient. These vegetation types persist

in areas that were unburned and areas outside of the fire-affected zone.

For this study, four study catchments were selected in the Cache la Poudre watershed,
two burned catchments within the High Park Fire and two unburned catchments near Pingree
Park Road west of the fire-affected area (Figure 1). Catchments were selected near the
intermittent-persistent snow transition delineated in Moore et al. (2015). Moore et al. (2015)
found that mean annual 1 January — 3 July snow persistence of 0.50 roughly separates areas
with persistent winter snow from those with intermittent winter snow. Catchments were
chosen to have mean annual snow persistence near this threshold, placing them in or near the
transitional snow zone (TSZ) between persistent and intermittent snow zones. Unburned
transitional (UT) and unburned intermittent (UI) are the unburned catchments, with UT located

in the TSZ and Ul straddling the TSZ and the intermittent snow zone (ISZ). Burned transitional



(BT) and burned intermittent (BI) are the burned catchments, with BT located in the TSZ and BI

in the ISZ.

High Park Fire

High Park Fire

Stream

Figure 1: Map of the western High Park Fire burn area showing research catchments
and location of the study area in Colorado; satellite imagery from ArcMap (2014).

Catchment areas range from 0.60km? to 1.53km? (Table 2). Elevations for the four
catchments range from 2230m to 2868m. Mean elevation for the higher elevations sites is
similar, 2671m for UT and 2601m for BT. Mean elevation for the lower elevation sites shows
more discrepancy, 2507m for UI and 2382m for BI, but both lower elevations sites represent the
ISZ. Mean annual P, derived from Parameter- Elevation Regressions on Independent Slopes

Model (PRISM) normals for 1981-2010, is 513-561mm at high elevation sites and 462-503mm at
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low elevation sites (PRISM Climate Group, 2015). Mean annual 1 January — 3 July snow

persistence from 2000 - 2010 was 10% higher at higher elevation sites for both unburned and

burned catchments.

Table 2: Summary characteristics of burned (B) and unburned (U) catchments.

Elevation! (m) Mean Mean
. Area! Average Annual
Site (lem?) Slope! (deg.) Annual P? S
m Mean Range ope” {deg. (cm) .now
Persistence?
UT 0.84 2671 2513-2868 15.3 51.3 0.60
Ul 1.53 2507 2387-2631 14.1 46.2 0.50
BT 0.88 2601 2420-2791 20.6 56.1 0.53
BI 0.60 2382 2230-2505 17.5 50.3 0.43

larea, elevation, and slope determined in ESRI ArcGIS using NEON 1m LiDAR DTM for U],

BT, BI and using NED 1larcsec DEM for UT
2mean annual precipitation (P) determined using PRISM normals for 1981-2010
*mean annual 1 January - 3 July snow persistence derived from Moore et al., 2015

Dominant soil textures at burned study catchments are more diverse than at unburned
study catchments (USDA/NRCS, 2015). Soils at BT and both unburned sites are dominated by
well-drained gravelly sandy loam with depths of 50 — 150cm to a restrictive layer. Ul also has a
poorly drained silt loam with a depth > 200cm underlying the majority of the stream channel.

Bl is dominated by well-drained sandy clay loam with depths ranging 50 — 200+cm.

Average slope for each site is given in Table 2, and all range from 14-21°. Burned sites
have higher slopes than unburned sites, and higher elevation sites 5-8% greater average slopes
than their lower elevation counterparts. Dominant aspect for each catchment is shown in Figure

2. All sites are dominated by a south-facing aspect with the exception of BT, which is
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dominated by a northeasterly aspect. UT and BT have opposing dominant aspects, with UT
primarily southwest-facing and BT primarily northeast-facing. Lower elevation sites are more
similar in dominant aspect. Ul is primarily south-facing, and Bl is primarily east and southeast-

facing.

—UT

- =Ul

BT

o= B

Figure 2: Rose diagram illustrating aspect at UT, Ul, BT, and BI; aspect is shown as
percentage of watershed area.

For the burned catchments, burn severity, derived from remote sensing data, is shown in
Table 3. BT has a greater proportion of unburned area and a lower proportion of high severity

burn than BI. However, areas of low and moderate burn severity were a greater percentage of
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area at BT than at BI. Overall, 99.4% of BI experienced some degree of burn and 90.2% of the

area of BT was burned. Neither UT nor UI were burned during the High Park Fire.

Table 3: Burn severity at BT and BI

Site Burn Severity! (%)
No Burn Low Moderate High
BT 10 13 15 62
BI 1 5 12 82

1 percentages determined using GIS products from Stone, 2015

13




Baro Troll
Presstre '[rar}sducer
"Soil Moisture
Rain Gauge

Figure 3: Research catchments and monitoring equipment locations at (A) UT,
unburned transitional, (B) BT, burned transitional, (C) Ul, unburned intermittent, (D)
BI, burned intermittent). Satellite imagery from ESRI ArcMap (2014).

14




4 METHODS

Field measurements were designed to capture input variables (rain, snow, temperature)
and response variables (soil moisture, stream stage) at each study catchment. Field collection

and analysis methods are described below.

4.1 Precipitation

Winter precipitation was collected at each site using a NovaLynx Standard Rain and
Snow Gauge (NovaLynx Corporation, Grass Valley, CA, USA), which is a collecting rain gauge
that requires manual collection of precipitation depths (Figure 4). The funnel and inner cylinder
were removed, per manufacturer instruction, to accommodate the collection of winter
precipitation. These gauges were mounted at ground level and surrounded with erosion
fencing of approximately 1m height to reduce wind effects on snow collection (Fassnacht, 2004).
Snow collected into the gauges was retrieved from the gauge and stored in a covered bucket
until fully melted. This melt water was then measured using the inner cylinder and a calibrated
measuring stick provided by NovaLynx to the nearest 0.Imm. Data were collected every 3 -6

weeks, depending on site accessibility and time constraints.

Rainfall was collected at each site using both the NovaLynx Standard Rain and Snow
Gauge and tipping bucket rain gauges attached to data loggers. The NovaLynx gauge was set
up for rainfall collection by reinserting the inner cylinder and funnel within one week of 1 May.
The fencing was left in place, and data were collected from the gauge as described above. In

addition to this totalizing gauge, two tipping buckets were installed at each site. A RainWise
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Rainew 111 tipping bucket rain gauge attached to a RainWise Rainlog data logger was co-
located with the totalizing gauge (RainWise Incorporated, Trenton, ME, USA). This tipping
bucket (hereafter, TB1) was located near the outlet of each watershed. Data from both TB1 and
the totalizing gauge were collected every 3-5 weeks from May through October. A second
tipping bucket gauge (TB2) was located centrally in the upper portion of all catchments (Figure
3). This second tipping bucket was added to quantify some of the spatial variability of rainfall
across these sites (Osborn et al., 1972). TB2 at all sites was a Texas Electronics TR5251 tipping
bucket rain gauge (Texas Electronics Incorporated, Dallas, TX, USA) connected to an Onset
HOBO Pendant event data logger (Onset Computer Corporation, Bourne, MA, USA). Data
from TB2 were collected every 4-6 weeks from snowmelt through October. Both TB1 and TB2

collected at a resolution of 0.254mm per tip.

Figure 4: Initial site install of tipping bucket 1 and the totalizing gauge at BT, fall
2013; site was reconfigured and fencing was added approximately one year later.

16



The tipping bucket was not useful for snow, and the totalizing rain gauge did not give a
continuous time series of data. Therefore, the relative amounts of rain and snow were
estimated using PRISM precipitation data combined with a threshold temperature at study sites
for separating rain and snow. To identify this threshold temperature, precipitation recorded at
TB1, camera observations of snow accumulation and ablation, and estimated precipitation from
daily PRISM precipitation data were matched by date for each site. For all dates where TB1
data or camera observations were in agreement with PRISM predictions and a definite
determination of precipitation type could be made, a precipitation event was recorded as either
snow or rain. Snow days were those with snow accumulation in camera data and precipitation
present in PRISM data. Rain days were those with no snow accumulation in camera data and
precipitation reported for TB1. Once events were classified as rain or snow, temperature data
recorded at each site for dates of precipitation were used in a partition analysis to identify the
temperature threshold that best separated rain and snow at the research catchments. This
partition analysis identified a threshold temperature for the transition from snow to rainfall of
2.1°C. This threshold was then applied the time series of daily PRISM precipitation to compute

the fraction of precipitation that fell as rain vs. snow.

For all events classified as rain, the tipping bucket data were summarized using the
Rainfall Intensity Summarization Tool (RIST), version 3.94 (Agricultural Research Service,
USDA, 2015). Rainfall data were divided into fixed intervals at the daily and 5-min time steps,
and were also separated into individual storms using a separation threshold of 6hrs of elapsed

time with less than 0.5mm of rainfall. RIST outputs included P (cm); storm duration (h); and

17



maximum 5min and 30min rainfall intensity (cm/h). Using peak 5min rainfall intensity and
peak discharge (section 4.4), a lag to peak for each storm was calculated. This lag, calculated in
hours, was measured as the time from the peak 5min rainfall intensity to the peak in-stream

discharge for the event.

4.2 Snow

Snow monitoring tracked the spatial and temporal patterns of snow in each research
catchment. Monitoring consisted of spatial snow surveys and continuous depth monitoring

with field cameras and snow sticks, which were demarcated with depth increments.

Snow surveys were conducted at all four watersheds in spring 2015. An initial survey
was conducted on 28 February for UT, Ul, and Bl and on 6 March for BT, due to time
constraints. A second survey was conducted at each site on 4 April. Points were collected at
20m intervals along a set transect. Depth measurements were taken with a Im length of snow
depth probe in a 5-point “plus” pattern, with depth taken at a central point and then at Im
distance before, behind, left, and right of this central point (Kashipazha, 2012). Density
measurements were also collected at four or more locations along the transects. These density
measurements were taken with either (1) a can-o-meter, consisting of two or more size 10 cans
(large coffee cans) combined mouth-to-base to form a tube, or (2) a short length (30-40cm) of
clear polyvinyl tubing. Samples were measured for depth, using the depth probes, and mass,
using AWS digital hanging scales recorded to the nearest gram (American Weigh Scales
Incorporated, Norcross, GA, USA). Densities were calculated based on the ratio of mass to

volume of the sampling implement. In addition to these measurements, UTM coordinates for
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each data collection point, and visual canopy cover descriptions (none [N], open [O], partial [P],

or closed [C]) were recorded.

In addition to my own snow surveys in 2015, Ryan Webb monitored snow and soil
moisture transects across north/south aspects at each field site. From January 2015 through
April 2015, he conducted six surveys of these transects. Each sub-transect was 10m in length,
with data collected at Im intervals. At 1m, 5m, and 10m points, an additional measurement
was taken to the right and left of the central survey point, resulting in a total of 17 points
collected along each transect (Blumberg, 2012). His observations included snow depth, snow
density, and soil volumetric water content (VWC) along each transect. Where applicable, these

data have been used to supplement my snow survey measurements.

In addition to the snow surveys, a Stealth Cam Core field camera (Stealth Cam, LLC,
Grand Prairie, TX, USA) was deployed at each site. These field cameras were set to take images
5 times each day, hourly from 10am to 2pm. Three snow sticks were placed at a 2-15m distance
within the field of view of each camera (Figure 5). These snow sticks were created using a 1.5m
length of %in PVC pipe demarcated by colored electrical tape at 5cm intervals. Snow sticks
were mounted on rebar to keep them upright throughout the season. Camera images were
used to determine daily snow depths, with dates recorded for snow on/off and the state of the
snowpack (accumulation, ablation, or steady) on a given date. Due to designed snow stick
precision of 5cm, observed depths were recorded as either approximately equal to a snow stick
depth increment (e.g. =5cm) or less than a snow stick depth (e.g. <5cm). An observed value

approximately equal to a marked depth increment was rounded to the nearest increment.
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Values between marked increments were rounded to a value halfway between two marked
increments (e.g 2.5cm, 7.5cm, etc.). A depth of “Trace” was recorded if an amount of snow
<5cm in depth and covering <50% of the image was observed; these dates were assigned a

nominal depth of 1cm.

Figure 5: Peak snow accumulation from the time lapse camera at UT, 18 April 2015;
snow sticks are visible in the image.

4.3 Soil moisture and temperature

Soil moisture data were collected at each site using a series of Decagon soil moisture
sensors attached to a Decagon Em50 data logger (Decagon Devices Incorporated, Pullman, WA,
USA) (Figure 6). Soil moisture was measured at depths of 5cm and 20cm at the upslope and
downslope ends of a 10m transect. A Decagon 5TM soil moisture and temperature sensor was
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inserted at downslope 5cm depth, and all other sensors were EC-5 sensors recording only soil
moisture. In addition to soil moisture, a Decagon ECT air temperature sensor was housed in a
radiation shield, co-located with the data logger, and mounted on a 2in PVC pipe at a height of
approximately 1m above the ground. All five sensors recorded at a 15-min time step year-

round.

Soil moisture data were analyzed by individual monitoring location and as site average
values. Site average values were converted to a representative value of soil moisture storage for
each site by taking the average volumetric water content value of all four sensors multiplied by

20cm to give a total estimated depth of water stored in the uppermost 20cm of the soil.

Figure 6: Soil moisture and air temperature sensor locations at UT. Soil moisture
sensors are located at 5cm and 20cm depths 5m up- and downslope from the data
logger. Air temperature sensor is in radiation shield near data logger.
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4.4 Runoff

Runoff was measured in streams draining the outlet of each catchment. Water depth in
the channel at all four sites was measured using an In-Situ Rugged TROLL 100 non-vented
pressure transducer (In-Situ Incorporated, Fort Collins, CO, USA). Pressure transducers (PT) at
UT, Ul, and BT were housed within an approximately 1m length of 2in PVC in which dozens of
holes were drilled to allow water influx and outflow at different stages (Figure 7a). A hole was
augured to bedrock in the stream bed into which the PVC was inserted. The PT was suspended
from the top of the PVC with a chain such that the top of the instrument hung level with the
streambed surface. Due to a bedrock channel at Bl, the PT was inserted into a 20cm length of
hole-riddled PVC. This housing was then anchored with a chain to a tree along the stream bank
and weighted down with four short lengths of heavy chain to keep it in place. This entire
housing was then placed in the stream channel. In order to adjust for barometric pressure in the
non-vented PTs, an In-Situ Rugged BaroTROLL was installed at UT and BT (Figure 7b).
Barometric pressures recorded at these sites were used to adjust water depth at both the
installation site as well as its lower elevation counterpart. In addition to barometric pressure,
the BaroTROLL also recorded air temperature. Both the PTs and the BaroTROLLs were set to

record continuously at a 5min time interval year-round.

After the barometric pressure correction, some offset adjustments were needed for PT
stage values at data download times, as the baseline stage value would sometimes have an
apparent shift after extraction of the sensor from its housing during download. The difference

between the last valid measurement prior to extraction and the first valid measurement
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Figure 7: Pressure Transducer (PT) suspended within PVC housing at outlet of study
catchment at UI (a), and BaroTroll barometric pressure sensor suspended from an eye
bolt near the outlet of the catchment at BT (b).

following reinsertion was applied to all values following reinsertion up to the next download,
giving continuity in stage across downloads. This offset-adjusted stage was then put through a

1-D digital filtering function in MATLAB to reduce inherent noise in the data.

During field visits, stage was also manually measured at each site from a fixed point
above the stream. A 5m retractable measuring tape was used to measure the distance from the
fixed point to both the water surface and the streambed surface. Beginning in May 2015, a staff
gauge was added at each site. These staff gauges were attached to lengths of 2x3in wooden
board. A steel U-post was driven into the stream bed, and the staff gauge was affixed to this

using steel screws. These staff gauges were placed as close to the PTs as possible without
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disturbing the streambed adjacent to the PT and where streambed depth allowed for the

insertion of the U-post to a depth at which the setup would not wash away.

Both field measurements and Manning equation calculations were used to determine
discharge for a given stage. Field discharge measurements were taken using a Decagon ES-2
electrical conductivity and temperature sensor attached to Decagon ProCheck data logger. This
sensor was used for salt slug injection stream discharge measurements, as described by
Kilpatrick and Cobb (1985). Field discharge measurements did not cover a wide enough range
of values for a complete rating curve, so Manning equation discharge calculations were used to
supplement these field measurements and create a synthetic rating curve. To develop input
data for the Manning equation, stream cross sectional surveys were conducted at each
catchment, as described by Arcement and Schneider (1989). Three surveys were conducted at
each site, with measurements taken at 5cm intervals across a fixed, level line suspended above
the stream from bank to bank. A GPS point with a post-correction horizontal accuracy of 0.1-
0.5m was taken at the center of each cross section to determine the slope of the stream between

survey points, which were located between 3-5m apart.

Manning’s equation follows:

(Manning, 1889)

where V is velocity in m/s, k is a conversion factor (equal to 1 as all units are SI), nis a derived

roughness coefficient, Rn is the hydraulic radius in m derived from the cross section survey, and
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S is the slope of the hydraulic grade line in m/m, which was assumed equal to the surveyed
channel bed slope. Velocity is multiplied by channel cross sectional area (A) to obtain
discharge. To develop a combined field and synthetic rating curve, measured discharge values
were plotted against measured stage. Using the cross section survey measurements, Rn and A
values were calculated for the stages with measured discharge. These values were used to
calculate discharge from the Manning equation, and the value of n was optimized through trial
and error so that the equation-derived stage-discharge values matched the observed stage-
discharge values. An equation was then fit to the synthetic rating curve, and this curve was
applied to to all measured stages to determine discharge throughout WY2015 in liters per
second (L/s) (Figure 8). Once discharge was determined in L/s, it was normalized by drainage
area to facilitate comparison between catchments. Discharge measurements for comparison in

the sections that follow are given in centimeters per day (cm/d).
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5 RESULTS

Results of this study show how snow, rainfall, soil moisture, temperature, and discharge
varied between four catchments in WY2015. To facilitate comparison between the four study
catchments, it is necessary to use common units. For this reason, snowmelt, rainfall, soil
moisture, and stage will all be given in centimeters to the nearest 0.1cm throughout this section.
This varies from the convention of reporting rainfall data in millimeters to the nearest

millimeter.

5.1 Snow accumulation and ablation

Time series of snow depth were created for each field site based on field camera
observations of snow on/off for the winter and spring of 2014/2015 (Figure 9). These time series
chronicle the first snowfall from the beginning of water year (WY) 2015, 1 October, through the
final observed ablation of snowpack on 24 May 2015. Snowfall events during this time period
can be broadly categorized as three major events (late December 2014, early March 2015, mid-
April 2015). Dates of snow surveys are marked on each time series. Significant snow
accumulation did not begin at any site until early November. The only major event of the
winter months (Dec., Jan., Feb.) came in December. Accumulation began between 14 December
and 19 December, with earlier snowfall coming at UT and UIL. The greatest amount of winter
accumulation came between 24 December and 26 December, with all four sites showing

increased accumulation from between 2.5cm — 10cm up to between 22.5cm — 27.5cm. This
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represented peak accumulation for this event at UT, Ul, and BI. However, peak snowfall at BT

lagged slightly behind the other sites, cresting at 32.5cm on 29 December.
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Figure 9: Snow depth time series for UT, Ul, BT, and BI for 1 October 2014 to 25 May
2015. Markers indicate snow survey dates (A = Webb survey, m = Johnson survey)
and reflect average snow depth recorded (Webb survey) or snow depth at survey
point closest to camera location during the survey on a given date.

28



Spring months (Mar., Apr., May) brought two major snowfall events, one in early March
and another in mid-April. Accumulation for the early March event began around 20 February
for all catchments. Accumulation peaked at all sites on 4 March, with snow depth ranging from
25cm to 42.5cm. Ablation occurred rapidly at Ul, BT, and BI, going from peak snow depth for
the event on 4 March to trace amounts or no snow by 17 March. Ablation also occurred rapidly
at UT, though by 17 March snowpack had been reduced only to pre-event depth of 7.5cm.
Accumulation for the final major event began on 15 or 16 April at all sites. Snow rapidly
accumulated at all four sites, reaching peak accumulation by 17 April. Snow depths ranged
from 50cm at BI to peak depths for the event of 67.5cm at both UT and UI. Peak depth at BT
was obscured by snow on the camera lens on 17 April, but a depth of 47.5cm on 18 April
suggests values higher than this for peak. Complete ablation was achieved between 27 April

and 5 May, with final ablation for the event at UT.

Eight snow surveys were conducted at UT, UI, BT, and BI throughout the winter and
spring of 2014/2015. Two surveys by Adam Johnson were comprehensive surveys, aiming to
characterize snowpack properties across the entire catchment. Six surveys by Ryan Webb were
conducted across transects, one at each site, that spanned north and south aspects. Because no
single survey coincided with peak depth, all recorded densities were compiled in an effort to
characterize density at each site across the snow season. Figure 10 shows that snow density for
all sites remained within a range of 118kg/m? — 220kg/m? for the first seven surveys of the
season; the 27 March and 10 April surveys recorded no snow at any site. Higher densities

ranging from 282kg/m? — 345kg/m?® were recorded for the 25 April surveying, during the melt

29



phase of the final major snow event of the season. With the exception of a low density recorded
at BT in the 6 March survey, density at burned sites exceeded density at unburned sites on all
survey dates. On all dates when snow was present at B, this site had the highest snow density.
By chance, all surveys were conducted during periods of melt or during inter-storm periods,
with the exception of the 28 February survey which was conducted during the accumulation

phase of the early March major snowfall event.
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Figure 10: Average snow density by site for each survey conducted by Johnson and
Webb between 23 January 2015 and 25 April 2015; Johnson surveys are highlighted in
gray; red Xs denote survey dates on which there was no snow present at the survey
transects.
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Summary statistics for selected snowpack characteristics appear in Table 4. Peak snow depth

was higher for both of the unburned sites. These peak snow depths followed a heavy spring

snow on 17 April 2015 at all four sites

Table 4: Summary statistics for winter-spring 2014/2015 snow data at all field sites

Site Total PRISM P as Peak Snow Depth, Estimated Peak SWE (cm)?
snow, WY2015 (cm) observed (cm)! Range Avg.

UT 32.0 68 8.0-20.9 12.8

Ul 29.1 68 10.6 -19.2 13.1

BT 36.4 48 71-15.6 9.5

BI 26.7 50 9.2-17.3 11.3

1peak snow depth taken from field camera observations
2peak SWE given as a range and average based on peak snow depth and densities recorded

throughout the snow season during both Johnson and Webb surveys.

Peak SWE values were determined using the following equation:

depth (m)x density (kg/m?)

999.8395

The denominator is water density assuming a water temperature of 0°C. At the time of peak

snow depth, no density measurements were collected, so two estimates of peak SWE are

provided. First, a range of potential peak SWE values is given using peak snow depth and all

densities recorded for each site. Second, an average peak SWE was calculated by averaging all

potential peak SWE values returned for each site. These average estimates indicate that SWE

accounted for 20% and 23% of peak depth at BT and BI, respectively, and 19% at both UT and

UL
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5.2 Precipitation

Precipitation totals for all four catchments were determined from both deployed rain
gauges and PRISM simulations. Because it is impossible to separate rain from snow in the
totalizing gauges, and undercatch renders total precipitation measured in the totalizing gauges
very low for WY2015, PRISM P was used to estimate percentages of rain and snow at each
catchment (Table 5). All sites show 10-12% more snow than rain except BI, where 2% more P

was rain than snow.

Table 5: PRISM estimates of P for WY2015; percentages of rain and snow reflect
PRISM P separated into rain and snow at 2.1°C mean daily temperature threshold.

Site Total P, PRISM WY2015 (cm) % Snow, PRISM % Rain, PRISM
UT 58.5 55 45

Ul 53.0 55 45

BT 64.2 57 43

BI 54.0 49 51

To evaluate the accuracy of precipitation measurements from the field gauges, first
rainfall totals were compared between tipping bucket gauges, totalizing gauges, and PRISM
estimates at each site. Rainfall totals taken from tipping bucket rain gauges were presumed to
be more accurate than snowfall totals from totalizing gauges, though tipping buckets may also
undercatch rain. Comparison of TB1 rainfall totals and totalizing gauge rainfall totals from 12
June 2015 through the final totalizing measurement at each site (19 August at UT, BT, BI; 10
September at UI) illustrate the discrepancies between gauges and the issues with undercatch

presented by the totalizing rain gauge (Table 6). While there was no pattern based on site
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characteristics, a difference of 1-11% between TB1 and the the totalizing gauges was observed at
each site, with the totalizing gauges always reporting lower precipitation totals than the tipping
buckets. PRISM estimates, however, did show a pattern based on site. Burned site TB1 rainfall
totals were similar to PRISM estimates. BT was within 6% of the PRISM estimate, and BI was
only site at which PRISM overestimated rainfall, by 10%. Unburned sites showed greater
discrepancy between TB1 and PRISM estimates. PRISM greatly underestimated rainfall at both

catchments, by a difference of 65-93%.

Table 6: Rainfall totals for TB1, the totalizing gauge, and PRISM estimate for all four
catchments, as well as % differences from TB1 measured rainfall; all totals begin on
12 June 2015 and end on 18 August 2015 for UT, Ul, and BT and 9 September 2015 for
BI.

Site | TB1 (cm) Totalizing PRISM (cm) % difference, % difference,
(cm) TB1_Totalizing TB1_PRISM

UT 22.3 20.5 11.5 8 93

Ul 18.0 16.2 10.9 11 65

BT 14.1 12.6 13.3 11 6

BI 10.9 10.8 12.1 1 -10

Because of discrepancies between the two precipitation gauges and the PRISM
estimates, total input to the system from rain and snowmelt was also determined using the
snow depth data and measured snowpack densities for each catchment. For each day with loss
of snow depth in the camera, water input from snowmelt was converted from snow depth to
snow water equivalent using a minimum, maximum, and mean value of snow density. These
depths of snowmelt as snow water equivalent were added to the rainfall totals from the tipping
buckets at each site to compute the total water year (WY) input. Table 7 compares these field-

derived values of total WY input to total WY precipitation from PRISM. This comparison
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shows that PRISM was underestimating precipitation, though the magnitude of this
underestimation was dependent on the density used to determine SWE. PRISM

underestimated input under all scenarios, by an amount ranging from 5-45%.

Table 7: Comparison of PRISM estimates of input for WY2015 to measured and
computed inputs from snow camera observations and tipping bucket data at all four
catchments.

Site PRISM input (cm) Snow density (g/cm?) | Input (cm) | % diff
UT 58.5 Min 0.12 61.7 5
Max 0.31 104.3 44
Mean 0.19 77.4 24
Ul 53.0 Min 0.16 66.0 20
Max 0.28 95.1 44
Mean 0.19 74.6 29
BT 64.2 Min 0.14 68.3 6
Max 0.33 104.4 38
Mean 0.20 78.6 18
BI 54.0 Min 0.18 67.5 20
Max 0.35 98.9 45
Mean 0.23 75.9 29

5.2.1 Rainfall depth

Rainfall from TB1 in each catchment is shown in Figure 11. The transition from
primarily rain to primarily snow occurred in mid-May, but some rainfall was evident during
winter months based on temperature thresholds and camera data. The three major rainfall
events of WY2015 are highlighted in the gray boxes along with total cumulative rainfall for the

event. P and Cumulative P are shown in daily time steps in Figure 11.
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Periods of rainfall throughout the summer were similar at all four catchments, though
magnitude and intensity of daily rainfall varied. Three major periods of persistent rainfall are
evident in Figure 7: mid-May, early July, and mid-August. These three events account for the
greatest contributions to cumulative P. The mid-May event occurred immediately after final
ablation of the snowpack at all four sites. This period of rainfall was shorter and of lesser
magnitude at UT and Ul than at BT and BI. The mid-May event accounted for 8-28% of total
summer rainfall in each catchment. Rainfall totals for the event ranged from 2.5-8.0cm. The
early July rainfall event had a similar duration at all sites, lasting 15-17 days, but was of a much
greater magnitude at UT and Ul than at BT or BI. This event accounted for 24-39% of total
seasonal rainfall in each catchment. The mid-August event also had a similar duration at all
four catchments: 7 days at UT, UL and BT, and 6 days at BI. Magnitude of this event was again
higher at UT and UI. The mid-August event accounted for 8-14% of total summer rainfall at

each site. Overall, these three events accounted for 58-60% of all recorded rain fall at each site.
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5.2.2 Rainfall intensity

Examination of rainfall intensity focused on events with a 30-min intensity (Is0) of 1cm/h
or greater, a recognized threshold for runoff production following wildfire in this region
(Moody & Martin, 2001). Table 8 shows summary statistics for all storms surpassing this Iso
threshold. Many more storms surpassing this threshold occurred at unburned sites than at
burned sites in WY2015, highlighting differences in weather patterns between the catchments.
At unburned catchments, most storms were recorded at both catchments with the exceptions of
30 June, 8 July, and 21 July storms that occurred only at UI and 14 August and 26 August storms
that only occurred at UT. Rainfall was recorded at both catchments on all of these dates, but the
Iso threshold required for inclusion here was not surpassed. Both storms at the burned

catchments that surpassed the intensity threshold occurred on the same dates.

Average storm duration was much greater at unburned sites than burned sites.
However, this number is inflated by the large number of longer duration, cyclonic storms
recorded at unburned sites during the early summer months. The convective storms that were
recorded at all four catchments in late summer were shorter in duration. Often, long duration
storm profiles were dominated by long periods of low intensity rainfall interspersed once or
multiple times with bursts of high intensity rainfall which surpassed the Iso threshold. High
intensity rainfall was almost always correlated with a rapid rise to peak in discharge, even for
longer duration storms. The average lag to peak discharge was greater for unburned
catchments than for burned catchments, though this was due to two storms at UT and three at

UI that had much longer lags than other storms (Table 8). The dearth of high intensity storms
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experienced by burned sites made a direct comparison of lag times between unburned and

burned catchments difficult.

Table 8: Total rainfall from TB1 and summary statistics for all rainfall events
exceeding an Iz threshold of 1.0cm/h

Total Events Ave. Ave. Avg. duration | Avg. lag to
Site | Rain, TB1 | withIso> | eventIso | eventIs h) peak (h)
(cm) 1.0cm/h (cm/h) (cm/h)
UT 35.8 11 2.5 7.0 5.1 0.8
Ul 29.4 14 1.5 4.5 7.5 1.1
BT 34.5 2 1.8 5.7 0.7 0.6
BI 24.3 3 1.3 4.3 0.6 0.2

5.3 Air and soil temperature

Air and soil temperature variability was similar across all four catchments, regardless of
burn status or snow zone. As might be expected, air temperature showed much greater
variability day to day than soil temperature (Figure 12). All catchments had a period of higher
air and soil temperatures in October and November, slowly declining as the year progressed.
Winter soil temperature stayed close to 0°C while air temperature reached as low as -26°C.
Spring brought steady increases in both soil and air temperatures, with soil temperatures
showing variability more similar to air temperature as snowmelt began in earnest. During
summer months soil temperatures were relatively stable, between 12-20°C. Air temperature
during summer months was also high but showed some correlation with major rainfall events,

with storm systems bringing drops in air temperature for the July and August rains.
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Figure 12: Air (dotted) and soil (dashed) temperature for all catchments and daily
snowmelt (blue) and rainfall (pink) input; mean snow density was used to compute
snowmelt input.
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While all four catchments were generally similar in patterns of air and soil temperature,
there are some notable similarities and variations between sites (Table 9). Soil temperatures at
UT remained stable at near 0°C well into late April, due to the deeper and more persistent
snowpack. All other sites showed notable increases of 3-5°C in soil temperature in mid to late
March. The persistent snowpack at UT also resulted in less variation in soil temperature during
the rise toward summer conditions. Summer soil temperatures were higher at ISZ catchments
than at TSZ catchments. Air temperature was remarkably similar in pattern at all four
catchments. However, annual air temperature averages show a gradation in temperature with
elevation, moving from an annual average of 4.9°C at UT to 7.2°C at BI. Burned catchments had
higher annual average air temperatures than their unburned counterparts (Table 9). Soil
temperatures, however, were separated along snow zones rather than fire effect. Burned and
unburned TSZ catchments had very little difference in their mean soil temperature and mean
air temperature. AtISZ catchments, however, mean soil temperature was higher by 5-30% at

the corresponding unburned site.

Table 9: Summary statistics for air and soil temperature at all catchments. Values are
averages for WY2015.

Site Daily air temperature ("C) Daily soil temperature (°C)
Min Max Mean Min Max Mean
UT -25.7 18.8 4.9 -2.1 15.2 4.6
Ul -25.5 19.6 6.1 -3.2 22.3 8.7
BT -24.6 20.7 6.3 -1.5 16.3 6.3
BI -24.3 21.6 7.2 -3.3 20.1 7.6
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5.4 Soil moisture response

Soil moisture response showed clear variability between burned and unburned
monitoring sites in the uppermost 20cm of the soil column, but seasonal patterns were similar
for all sites (Figure 13). Soil moisture was high in October and November, before the first
snowfall of the year. Beginning in mid-November, soil moisture dropped, coinciding with the
beginning of seasonal snowpack. Some muted responses are evident to melt events associated
with unseasonably warm temperatures in January and February. Low values persisted until
mid-March, when early spring snowmelt events increased soil moisture. Soil moisture rose to
highest annual values through April and May, fluctuating with spring snow storm
accumulation and ablation. Peaks in soil moisture were associated with ablation events in late
March, early April, late April, and early May. The highest annual inputs occurred during these
spring ablation events. As meltwater gave way to summer rainfall dominance in mid-May, soil
moisture values rose to annual maxima due to heavy rainfall on soils already wet from
meltwater inputs from the final snow ablation of the spring. Soil moisture declined through the
summer, with the exception of three increases in moisture from rain events in June, July, and
August. Following the final major rainfall event, soil moisture steadily declined, ending

WY2015 with lower overall stored soil moisture than at any other time annually.

Taken as a site-by-site comparison, patterns in soil moisture increase and decrease reveal
substantial differences between the monitoring locations in burned and unburned catchments
and between transitional and intermittent snow zones. Soil moisture storage at BT and BI was

34-43% higher at the beginning of WY2015 than storage at UT and UlI. Soil moisture was also
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higher at TSZ sites than at ISZ sites by 5-9% at the beginning of WY2015. During the winter
seasonal low, burned sites had 30-52% higher storage than unburned sites, and TSZ sites had 8-

26% less stored soil moisture at their lowest than ISZ counterparts.

Peak soil moisture following snowmelt also varied between monitoring locations. BI
reached a recorded peak first on 18 April at 7.2cm, higher than soil moisture recorded at any
other catchment by at least 20%. BT peaked on 26 April at 6.6cm, equaling peaks later in the
month of May. UT peaked last, on 29 April at 4.2cm, due to the most persistent snowpack of
any catchment. All sites reached a low in soil moisture storage on 10 June before rainfall events
across all four catchments between 10 June and 16 June caused a rapid increase in soil moisture
storage. The magnitude of this increase was much greater at unburned sites than at burned
sites, with increases of 15 —43% at UT and UI compared to 6 —7% at BT and BI. A steady
decline followed this minor peak, with all sites reaching early summer lows between 27 June
and 1 July. The heaviest rainfall of the summer began across all four catchments between 28
June and 10 July resulting in peak soil moisture values for the summer at all sites except BT. Ul
continued to experience the greatest variability and had the lowest soil moisture at all sites
throughout the rest of the summer save three days in August when it briefly surpassed BT. On
29 July, soil moisture storage at BT and BI dropped below storage at UT for the first time all
year. Storage at UT would remain the highest at any catchment for the rest of WY2015. A final
major rainfall event of the summer resulted in a mid-August peak, though variability in the

timing of rainfall across catchments changed the timing of the soil moisture spike. Following
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the final major rainfall event, all sites steadily declined and all sites finished WY2015 with 31-

76% lower storage than they had at the beginning of the water year.

Overall, soil moisture storage was higher throughout most of the year at burned
catchments than at unburned sites, but prolonged periods of dry weather in the late summer
brought soil moisture storage at burned catchments below soil moisture storage at UT. Annual
peaks for all sites except UT occurred during snowmelt, highlighting the importance and
dominance of snowmelt in this region. Steady snowmelt inputs raised soil moisture storage to
high levels and maintained them there, while episodic rainfall input caused soil moisture to rise

rapidly, peak, and recede quickly.
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Figure 13: Soil moisture storage in the uppermost 20cm of soil at each catchment
with daily snowmelt (blue) and rainfall (pink) inputs; mean snow density was used
to compute snowmelt input.
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5.5 Runoff

Discharge at all sites remained low throughout the early part of WY2015. Lack of winter
discharge measurements led to reliance on synthetic discharge rating curves created using
discharge measurements and channel profiles taken during summer months (Figure 8). Field
observations of stream conditions at all four catchments during winter months suggest that ice
in the streams and lack of input from snowmelt kept discharge low. Discharge increased in
spring, and this increase began earlier at burned sites than unburned sites, with BT and BI
seeing increased discharge due to snowmelt in early April while UT and Ul did not begin to
have increased discharge until late April (Figure 14). At all sites snowmelt was immediately
followed by May rainfall, leading to mixed rainfall and snowmelt runoff sources for the
hydrogaph peaks in May. A dry period in early June led to decreased discharge. All sites had a
summer peak in discharge occurred in July following heavy rainfall, but this peak was lower
than the spring peak except at Ul and more prominent at TSZ sites than at ISZ sites. Following
this July peak, all sites experienced steady decrease in discharge throughout the rest of the

summer despite heavy rain in mid-August.

Site by site comparison reveals greater complexity in discharge patterns (Figure 14).
Discharge at Ul and BT was negligible throughout the winter months, from October through
mid-April. Winter discharge at UT and BI was more variable. BI showed the greatest
variability through the winter months. Following the large snowmelt in mid-April, both BT and
BI showed peaks in discharge, with BI peaking first. Neither UT nor UI showed a peak

hydrograph response for the mid-April event. UT discharge continued to rise steadily until the
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second week of May, due to a deeper, more persistent snowpack and a larger early May snow
accumulation than any other site. UT did not peak until 10 May, when a combination of
snowmelt and rainfall resulted in the highest annual peak discharge for all catchments at
0.69cm/d. The snowmelt and rainfall combination in May also produced the annual peak flow
at BY. The intermittent catchments experienced peak flows either earlier in the season during

snowmelt (BI) or later in season after the July rains (UI).

23 April was chosen as a point of separation in discharge from frozen conditions to
snowmelt because it is the date of the initial peak in discharge at any site, in this case BI. Using
23 April as a demarcation date, all catchments experienced the majority of their discharge in the
latter half of WY2015. At UT, Ul and BT, discharge after 23 April represented 89 — 99% of
discharge. BI, however, experienced a smaller percentage of discharge after 23 April, 56%.
Discounting discharge before 23 April, TSZ catchments had much higher average discharge
than ISZ catchments, by 92% at unburned catchments and 19% at burned catchments.
Considering the entire water year, however, UT still has a much higher average than U], still

92%, but average discharge at Bl surpasses average discharge at BT by 33%.
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Figure 14: Time series of discharge normalized for catchment area and cumulative
snowmelt (blue) and rainfall (pink) input for all catchments. Y-axis for Ul is one
order of magnitude smaller than other y-axes to highlight seasonal variability at the
catchment; mean snow density was used to compute snowmelt input.
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Although the dominant signal in all hydrographs is the seasonal snowmelt response,
runoff from rainfall events also caused some hydrograph response, as evident in the increased
discharge at all sites following the July rains. All sites experienced high intensity rainfall events
during summer months that exceeded a 1.0cm/h I3, though variability in weather patterns
meant that few of these high intensity storms were experienced at all catchments during the
same storm (Table 8). The only storm that exceeded the 1.0cm/h runoff production threshold at
all catchments was on 16 August (Figure 15). This storm was a high-intensity convective storm,
with Iso values ranging from 1-1.7cm/h. Duration was similar at all sites, 0.3-0.6h, and total
rainfall for the event was also similar at all sites, 0.5-0.9cm. UT, BT, and BI experienced similar
peak discharges within 0.2-0.4h after peak precipitation, indicating IEOF at all sites. UI, always
the least responsive of the streams, had a lower peak. The magnitude of change in discharge
was greater at burned catchments than at unburned catchments. Baseflows of approximately
0.05-0.08cm/d at burned catchments increased to peaks of 0.14-0.16cm/d. In contrast, baseflow
of approximately 0.15cm/d at UT increased to a peak discharge of 0.19, 50-66% less of a change
in magnitude than burned counterparts. Here again, the increase in discharge at Ul was
considerably less. Bl reached peak discharge 0.2-0.3h faster than other catchments, thanks to

both the highest Iz value and the greatest total rainfall for the event.
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Figure 15: Storm hydrograph and input hyetograph for rainfall event on 16 August
2015; discharge for Ul is a smaller increment to highlight variability in hydrograph;
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5.6 Synthesis of variables

For input variables, peak snow depth was higher at unburned catchments than at
burned catchments (Table 10; Figure 16); however this may have been due to a greater amount
of snowfall during the mid-April snow event during which peak depths were recorded. Both
snow density and annual mean air temperature were higher at burned catchments than their
unburned counterparts. Air temperature was also higher in intermittent than transitional sites.
Rainfall was higher at unburned catchments. In spite of spatial variability in storm patterns
across these catchments, total input of rainfall and snowmelt was similar at all catchments, with
variability no greater than 5%. Snowmelt dominance of the hydrologic regime at these
catchments is supported by 71-86% of total input coming from snowmelt. The snowmelt

contribution to input was greater at ISZ sites than TSZ sites.

For response variables, soil moisture storage was higher on average at burned
catchments and higher in transitional than in intermittent catchments. Average soil
temperature showed no evident relation to burn status but was higher at ISZ catchments than at
TSZ catchments. Discharge as a ratio of input (Q/Input) highlights the variability in the amount
of input from each catchment that was removed via runoff and stream discharge. Q
represented 33-55% of input at UT, BT, and BI. Ul was remarkably lower in discharge, with
only 4% of input accounted for in measured discharge. Total Q was highest at UT and BI, 93%
and 34% higher, respectively, than their wildfire-effect counterparts. Both sites had similar

Q/Input values despite being located at opposite extremes of the elevation-burn matrix.
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Table 10: Summary of input and response variables for all four catchments. Values

are averages for WY2015.
Variable UT Ul BT BI
Peak depth (cm) 68 68 48 50
Snow :
Mean density (g/cm?) 0.19 0.19 0.20 0.23
Rain (cm)! 223 18.0 14.1 10.9
Input (cm)? 77.4 74.6 78.6 75.9
Storage (cm)? Mean 29 2.5 4.1 3.9
Alr temperature Mean 49 61 | 63 | 72
O
Soil temperature Mean 46 87 | 63 | 76
o
Discharge (cm/d) 42.8 3.0 25.5 38.6
Q/Input (%) 55 4 33 51

'Rain total represents measurements from TB1

2Input is the sum of snowmelt derived from mean snow density and TB1 rainfall
3Storage represents soil moisture in the uppermost 20cm of soil at each catchment
1Soil temperature taken at 5cm depth at each catchment
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Figure 16: Graphical representation of summary statistics from Table 10.
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6 DISCUSSION

This research highlights the complex processes that affect how wildfire impacts the
timing and magnitude of runoff generation in the study area. Comparison of these catchments
highlights differences in the hydrologic regimes of the catchments and begins to answer a
number of interesting questions about how weather patterns, elevation, and land cover may

affect hydrologic responses in this region.

6.1 Snow

Based on prior research (e.g. Burles and Boone, 2011), it was expected that burned sites
would experience greater snow accumulation and more rapid ablation than unburned sites
because removal of canopy cover decreases interception and subsequent sublimation of
snowfall while also allowing for increased solar insolation to ablate the snowpack. However,
snowpack at all catchments showed similar patterns in timing and magnitude. Dates of
accumulation and ablation are temporally similar at all sites, suggesting that the same winter
storms produced snow at all sites. Winter air and soil temperatures are also very similar at all
sites. These similarities in snowfall timing and soil temperature contrast with the expectation of
later snow accumulation and more variable soil temperature at burned sites (Molotch et al.,
2009). However, despite these similarities, the snowpack at burned sites was consistently
denser than the snowpack at unburned sites. A denser snowpack may result in increased SWE
as meltwater accumulates within the snowpack itself. This denser snowpack may be the result

of increased solar radiation at burned sites, as observed by Burles and Boon (2011). The fact
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that all surveys, with the exception of the 28 February survey, were conducted during melt
periods supports this possibility. However, neither solar radiation nor the density of initial
snowfall data were collected at the monitoring sites; these data would have been useful to

determine what caused the differences in measured snow density between sites.

Because of the position of these sites near the intermittent-persistent snow transition,
they did not accumulate snow consistently throughout the winter and spring and instead had
several periods of mid-winter accumulation and ablation. This means that peak snow depth
and SWE differences were functions of event-specific differences in snowfall or snowmelt rather
than the cumulative effects over an entire snow season. Due to the dominant influence of a
single snow event on peak SWE, results of this study do not illustrate a clear effect of burn
conditions on snow accumulation. This problem could be remedied by increasing sampling
locations to include a greater number of adjacent burned and unburned areas, effectively

reducing the spatial variability in snowfall.

Another anticipated outcome of this research was that the snowpack would be more
persistent at TSZ catchments than at ISZ catchments. This expectation was met in unburned
sites but not burned sites. UT showed a persistent snowpack throughout the winter months,
with no complete ablation of the snowpack until April (Figure 9). All other catchments,
including BT, experienced periodic total ablation of the snowpack throughout the winter
months. The timing of ablation was consistent across UL BT, and BI. This suggests the
possibility that the removal of canopy cover and resulting increase in solar insolation following

wildfire observed in other studies (e.g. Harpold et al., 2014; Burles and Boon, 2011) may have
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caused BT to experience more rapid ablation than it did prior to the fire. Snow persistence
mapping used to select catchment location used pre-fire snow cover data (Moore et al., 2015),

suggesting that the snow persistence at BT was higher before the fire.

Catchment aspect may also play some role in retention of snowpack, especially in the
comparison of UT and BT (Figure 2). BT is the only catchment with a northeastern aspect. All
other factors being equal, it is reasonable to expect that BT would retain snowpack better than
UT, which has a southwestern aspect. Here again, this was not the case, another indication of a
burn effect on snow persistence at BT. The effects of BT being burned, though, may or may not
be the primary culprits, as BT also had different weather patterns and a shallower, denser
snowpack. Furthermore, the limited scope of monitoring may also be affecting interpretation of
conditions at each catchment. All catchments encompass a variety of canopy, aspect, and slope
conditions, which may not be fully accounted for by snow surveys and monitoring sites. Data
taken from monitoring locations may not fully represent the range of catchment-wide

variability.

6.2 Rain

Patterns and magnitude of rainfall were quite dissimilar between burned and unburned
catchments. Unburned catchments experienced storms of greater magnitude and intensity
throughout summer months than burned catchments, though timing of rainfall events was
similar. Schmeer (2014) also found comparable levels of heterogeneity in summer storm
magnitudes while working in the High Park Fire area; other studies have likewise reported

rainfall variability in mountainous regions (Osborne et al., 1972; Linderson, 2003; Smith et al.,
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2014). This difference in weather patterns makes comparison of the rainfall responses between
the burned and unburned sites difficult, and there was only one high intensity storm that
affected all four catchments. For this 16 August storm, burned catchments exhibited an increase
in discharge of a greater magnitude than unburned sites. This may have to do with differences
in infiltrability of soils, as suggested by Moody and Ebel (2014), with lower infiltration rates in
the burned areas. However, this study was conducted three years after the fire, and substantial
vegetation and infiltration recovery (Schmeer, 2014) has reduced the differences between the
soil properties of burned and unburned catchments. Other burned catchments in this study
region had higher intensity rains during the 16 August storm, which resulted in both high
erosion and high peak flow (Wilson, unpublished data). This suggests that the burn condition
still affects rainfall runoff in the study area, although the magnitude of this effect is difficult to

quantify with the limited summer rain in 2015.

6.3 Soil moisture

Similar to the issues in spatial variability with snow and rainfall data, the spatially
limited and relatively small number of soil moisture sensors deployed at research catchments
hampers the ability to gain a clear picture of what was occurring with soil moisture storage and
subsurface flow catchment-wide. Still, data collected suggest that burned sites had greater

storage of soil moisture in the uppermost 20cm of the soil profile than unburned sites.

Burned sites began WY2015 with higher antecedent moisture. This is likely due to
greater rainfall totals at this site during summer 2014, though lower losses to ET, a greater

storage capacity, or a combination of all three factors are also possibilities. Through the winter
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months, the presence of frozen soil may be important at all sites. When soils are frozen, soil
moisture declines or remains steady, suggesting that frozen soils may limit infiltration of
meltwater from the snowpack. When soil thaws, soil moisture increases due to increased
infiltration. Other studies have observed similar reactions during periods of frozen soil (Wilcox
et al., 1997), though there is little evidence in the catchment hydrographs of IEOF from
meltwater over frozen soils. Ul had the shortest period of frozen soil during winter months, so

meltwater infiltrated periodically during winter months to increase winter soil moisture.

High, relatively constant values for soil moisture at all sites during and immediately
after snowmelt suggest that soils were at or near field capacity during this period (Figure 12).
Higher soil moisture values at burned sites suggest that these sites may have greater capacity
for storage in the uppermost 20cm of soil. Ul shows the greatest variability in soil moisture
during this period, potentially because periodic infiltration of meltwater during the winter
reduced the meltwater input during spring snowmelt, led to lower and more variable spring

moisture.

6.4 Runoff

6.4.1 Seasonal patterns

At all catchments, runoff was snowmelt-dominated, as snow contributed 71-86% of
input. This leads to strong seasonal patterns in the hydrograph with limited flow in the winter

and high flow in the spring that gradually declines through the summer. Rainfall during
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summer months drives peaks in the hydrograph, though they are substantially smaller than

those observed during spring snowmelt except at UL

Because of this dominance of snowmelt input, all catchments have a strong seasonal
pattern in discharge. Late spring increases in discharge reflect increased inputs to the system
from snowmelt. Although this study did not directly monitor runoff mechanisms, lags between
the timing of melt onset and the timing of hydrograph rise suggest that the runoff generally
reaches the stream through lateral subsurface flow. Soil moisture at all sites reached field
capacity between late March and mid-April, whereas the snowmelt hydrograph did not
respond until the ablation of the large mid-April snow event. With this influx of meltwater, all
catchments moved into spring wet, high-flux period with LSSF through hillslopes became
active presumably due to deep soil moisture connectivity, as observed in McNamara et al.
(2005). These high discharges were pushed to annual peaks by a period of May rainfall coming
immediately following final ablation of the snowpack. From this period on, inputs to the
system in the form of additional snowmelt and rainfall produced stream hydrograph response

until soil moisture levels began to decline in mid-May at all catchments.

Dry periods in late May and June coincide with decreased soil moisture and discharge,
with rain events causing small increases except during the period of sustained rain in July.
Minor peaks in the stream hydrograph through summer months rise quickly (0.2-0.9h) and
recede quickly (1.0-4.0h), suggesting small amounts of IEOF may have occurred following high
intensity summer storms. For example, during the 16 August storm event the lags from peak

rainfall intensity to peak discharge at UT, BT, and BI of 0.4h, 0.7h, and 0.2h, respectively, are
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consistent with lags to peak caused by IEOF (Dunne, 1978). Soil moisture values support this

assumption, as they remain well below field capacity throughout the rest of the summer. Only
the sustained rainfall of early July appeared to reactivate LSSF and cause the summer seasonal
peaks in discharge at all sites. All sites end WY2015 with very low discharge, the consequence

of little rainfall through the late summer months.

6.4.2 Site comparison

UT had the highest mean and maximum elevation of all the study catchments. It
experienced a persistent snowpack in winter months and had the longest snow persistence of all
the study catchments. Frozen soils at this catchment may have limited the infiltration of mid-
winter snowmelt, but mid-winter pulses of melt are not evident in the hydrograph. This
suggests that any meltwater was stored either within the snowpack or infiltrated into the soil
through thawed areas. The snowmelt runoff response was delayed at UT, but this site
produced the largest total runoff. During and after snowmelt, soil moisture stayed high at UT
from late March well into July, allowing for a large hydrograph response to storms in early July.
UT’s position as the highest elevation site and its location within the TSZ may be behind the
deeper, more persistent snowpack and larger snowmelt runoff response at this catchment. It is
likely that the snowpack at the highest elevations of the catchment experienced less mid-winter
ablation than the monitoring site at the base of the catchment. There was only one field
discharge measurement to constrain the rating curve at this site, making actual magnitudes of
discharge highly uncertain, but field observations of in-stream flow and surface water ponding

do support the conclusion that this site had the greatest runoff.
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The lower elevation Ul site experienced intermittent melt throughout winter months
over mostly unfrozen soils, allowing water to continually infiltrate to the subsurface. This site
also had by far the lowest runoff production of all catchments. Repetitive episodic infiltration
may have increased losses to ET, limiting runoff production in this catchment. The catchment
configuration is also quite different from the other study catchments, as it has a large flat valley
bottom with sandy loam soil that stores moisture throughout the year (Figure 17). This soil type
is unique to UI among the study catchments and was observed to be consistently wetter and
less hydraulically conductive than other soils at the site or soils at other catchments. USDA
classifies this soil unit as hydrologic soil group B, with 25% hydric components and a storage
capacity of 16.87cm/cm, 70-86% higher than any other soil unit present at Ul (USDA/NRCS,
2016). Saturated conditions were observed visually in these soils throughout summer months
during WY2015. Instrumentation mounted on PVC pipe near the stream had to be adjusted
regularly due to malleable saturated soil, and water was observed near the soil surface within
lengths of PVC instrument mounts when instruments were adjusted. While no quantitative
data were collected within this soil unit, qualitative observation leads to the suggestion that,
while this sandy loam unit allows for sustained baseflow in the channel, it also acts to attenuate
any snowmelt or rainfall runoff hydrograph response. Because the stream travels through a
wide valley bottom, the in-stream monitoring location may also have missed some subsurface

outflow from the catchment through adjacent riparian areas.
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Figure 17: Map of UI highlighting silt-loam unit underlying the stream (USDA-
NRCS, 2016).

The BT site had a strong snowmelt runoff hydrograph signal, similar to UT. Field
observations suggest that winter flow at this catchment was limited, though problems with
determining a discharge rating curve at BT resulted in a great deal of uncertainty about winter
discharge at this site. BT had a rapidly rising hydrograph during spring melt, but soil moisture
did not maintain levels near field capacity for nearly as long as UT, with soil moisture at BT
beginning to decline below field capacity in mid-May. This may be tied to a shallower, less
persistent snowpack at BT, which could have resulted from weather patterns, removal of forest

canopy, lesser snow amounts tied to the lower elevation of BT, or a combination of these factors.
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Regardless, this more rapid decline from field capacity in soil moisture results in an earlier

recession in the hydrograph at BT and lower total runoff than observed at UT.

Bl had the most responsive winter hydrograph due to intermittent melt during the
winter. At the temperature monitoring location, soils were frozen during part of this time,
suggesting the possibility of IEOF due to frozen soils prohibiting meltwater infiltration. The
intermittent input of meltwater during the winter lessens the concentrated meltwater signal
observed during spring melt at the other catchments. There is an anomalous decline in
discharge at BI in mid-May that appears to have no source. The most likely explanation is
equipment malfunction, as the data have been checked multiple times and the anomaly cannot
be corrected using a data offset adjustment. Soil moisture begins to decline in mid-May, nearly
simultaneously with soil moisture decline at BT. Discharge declines during this time as well.
Discharge patterns through the summer months track very closely with those of BT, though

hydrograph response to storm events shows more rapid rise to peak and decline to base flow.

Overall, UT and BI experienced the greatest amounts of discharge and similar amounts
of input. These two catchments have very similar runoff ratios, despite sharing neither the
same burn status nor the same snow zone. However, the timing of inputs and discharge at
these sites is very different. UT experiences most of its input during winter months and most of
its discharge beginning with spring snowmelt. This pattern of input and discharge timing is
echoed at the other TSZ site, BT, though the magnitude of the runoff ratio is 22% smaller due to
shallower, less persistent snowpack. BI also gets most of its input during winter months, but

the pattern of discharge is not seasonally confined, with discharge responding to input
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throughout the year. A shallower, denser snowpack experiencing periodic ablation at an ISZ
site resulted in a similar runoff ration to a TSZ site with a deeper, more persistent snowpack
that ablated at the end of spring. Ul is the oddity again, likely because of the increased storage

in the valley bottom silt loam that led to the very small runoff ratio.

The complex interactions of snow accumulation and ablation with freezing soil and
runoff generation make it difficult to draw any solid conclusions in the comparison of runoff
from burned and unburned catchments. The burned catchments were also monitored 3 years
after burning, which may have limited differences between burned and unburned catchments.
Moody and Martin (2001) and Pierson et al. (2001) both suggest that 3-5yrs of recovery return
burned plots to pre-fire infiltration conditions. Peak discharge differences after burning may
have a wider window of time, with studies suggesting 2-7yrs for return to pre-fire conditions
(Brown, 1972), but the water year studied did not include a large enough rain event to cause a
high hydrograph peak. Changes in ET during the recovery are uncertain, with some studies
suggesting that post-fire ET may be very similar to pre-fire ET (Flerchinger & Seyfried, 2012).
However, other research suggests that changes in vegetation induced by fire may continue to
have an effect as long as ten years after the fire (Montes-Helu et al., 2009). Higher soil moisture
at the onset of WY2015 in the burned sites supports the possibility of lower ET at these sites, but
these differences may also be due to varying antecedent precipitation and moisture storage

capacity at the monitoring sites.
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7 CONCLUSIONS

This research examined how the timing and magnitude of rainfall and snowmelt runoff
in catchments at the intermittent-persistent transition were affected by wildfire. At four study
catchments that encompassed burned and unburned status and transitional and intermittent
snow zone conditions, runoff was dominated by snowmelt moving via LSSF to the stream
channel. Intermittent pulses of meltwater were introduced to the system at burned and lower
elevation catchments by periodic snow ablation during winter months. However, most melt
water entered the the catchment hydrologic regimes during a final spring snowmelt event in
April as catchments transitioned from snow-dominated winter/spring conditions to rain-
dominated summer conditions. Infiltration of meltwater pushed soil moisture above field
capacity, resulting in connectivity in soil moisture reservoirs and the activation of LSSF through
steep hillslopes. Rainfall also contributed to runoff to a lesser degree in the forms of high

intensity summer storms that produced IEOF.

Snow accumulation and ablation showed similar patterns at all sites, though the highest
elevation unburned site had greater snow persistence than the other three sites. Burned sites
and the relatively open canopy Ul had greater mid-winter ablation than UT, possibly due to the
absence of canopy cover and greater solar insolation. Snow density was higher at burned sites
than at unburned sites, suggesting that the removal of canopy may also contribute to an
increase in snow density. Rainfall totals were higher at unburned sites due to differences in
prevailing weather patterns for the summer of WY2015. High intensity rainfall produced the

majority of summer runoff at each catchment, though high intensity events were much more
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common at unburned catchments than burned catchments. Overall input from snowmelt and

rainfall was very similar at all catchments, with snowmelt contributing 71-86% of the input.

Soil moisture storage patterns in the uppermost 20cm of soil were also similar at all
catchments, with a period of low soil moisture during winter followed by soil moisture at or
near field capacity during spring melt and a steady decline through drier summer months.
However, burned sites had overall higher soil moisture throughout the year, including during
mid-winter months. This difference may relate to burning effects, but this is not certain due to
the small number of soil moisture monitoring sites in each catchment. Discharge patterns at all
sites were dominated by spring snowmelt peaks, though the magnitude of these peaks varied
by site. TSZ catchments both had low discharge during winter months with a marked increase
and peak during spring melt. ISZ catchments were both more variable throughout the year
because mid-winter melt also contributed to discharge. Although the number of catchmcents
sampled is small, results show that high runoff ratios in this region can develop from either

more persistent snow (UT) or more intermittent melt water input throughout the winter (BI).

In addition, frozen soils appear to have some effect as well on snowmelt runoff, as the
longer period of frozen soils at UT coincides with a later, larger magnitude input of snowmelt
during the spring. Regardless of the effect of canopy cover and frozen soil, it is apparent that
the longer soil moisture stays at or near field capacity, the longer the duration and greater the

magnitude of spring snowmelt discharge response.

While it is sometimes necessary and often expedient to universalize the effects of

wildfire on the hydrologic regime of a catchment, this research suggests that regional and site
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specific characteristics can result in unexpected outcomes. The hydrologic regime of each
catchment showed individualized reaction to inputs, suggesting that a holistic view of the
variables driving hydrologic processes at these catchments is warranted. The cumulative effects
of wildfire, post-wildfire recovery, and elevation-driven snow persistence resulted in
differences in the hydrologic regimes of each catchment that rendered clean comparison of
runoff responses difficult. However, the beginning of a better understanding of differences in
and changes to the hydrology of these catchments in the Colorado Front Range gives context to

prior research.

Further research monitoring post-fire hydrologic change should begin immediately after
a burn and include more study catchments that are monitored over multiple years. All
variables should be monitored at more locations in each catchment to capture intra-catchment
variability in insolation, slope, and aspect. If feasible, site characteristics should be more closely
matched, including elevation, slope, aspect, and vegetation cover, with pre-fire vegetation at
burned sites matching that of unburned sites. Both greater measurement density and better
pairing of catchment storm patterns and characteristics would help clarify the roles of both fire-

effect status and snow zones in differences between research catchments.
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Figure 18: Time series of soil moisture from each of four individual soil moisture

sensors at each catchment and input for WY2015.
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Table 11: Summary statistics for all storms with Izo>1.0cm/h at UT

UT
Total P | Duration | MaxIs | MaxIs | Lag, peak P to peak

crge | DM | ) | | (com) | (i Q )
UT_TB1 | 6/11/2015 1.8 11.4 1.5 1.1 3.33
UT_TB1 | 7/2/2015 1.5 7.0 10.7 2.4 0.17
UT_TB1 | 7/5/2015 3.8 7.0 5.2 24 2.33
UT_TB1 | 7/7/2015 2.9 8.8 5.8 2.7 0.33
UT_TB1 | 7/14/2015 3.6 7.2 10.1 3.7 0.25
UT_TB1 | 8/13/2015 2.7 4.4 10.1 4.9 0.33
UT_TB1 | 8/14/2015 0.7 0.2 6.7 1.4 0.42
UT_TB1 | 8/16/2015 0.5 0.3 4.9 1.0 0.42
UT_TB2 | 8/13/2015 1.9 4.3 8.3 3.4 0.25
UT_TB2 | 8/16/2015 1.2 4.0 11.3 2.4 0.33
UT_TB2 | 8/26/2015 1.1 1.7 2.7 1.6 0.25
Averages 2.0 5.1 7.0 2.5 0.76

Table 12: Summary statistics for all storms with Izo>1.0cm/h at Ul

Ul
Total P | Duration | MaxIs | MaxIs | Lag, peak P to peak

Cavge | D | em | 0 | (cm) | (e Qh)
UI_TB1 | 6/11/2015 2.1 11.8 2.7 1.1 2.00
UI_TB1 | 6/30/2015 0.9 6.3 2.7 1.4 0.50
UI_TB1 | 7/2/2015 0.8 2.7 5.5 1.5 0.08
UI_TB1 | 7/7/2015 2.6 8.4 4.3 24 0.67
UI_TB1 | 7/8/2015 3.8 18.6 4.3 1.6 0.58
UI_TB1 | 7/14/2015 0.9 7.2 2.4 1.1 0.50
UI_TB1 | 7/21/2015 0.7 1.5 5.5 1.3 0.42
UI_TB1 | 8/13/2015 1.0 3.5 4.0 1.9 0.42
UI_TB1 | 8/16/2015 0.6 0.3 4.3 1.1 0.92
UI_TB2 | 7/5/2015 1.2 10.6 3.8 1.0 4.92
UI_TB2 | 7/7/2015 5.0 28.5 3.6 1.3 2.75
UI_TB2 | 7/21/2015 0.7 1.4 6.5 1.4 0.42
UI_TB2 | 8/13/2015 1.1 4.2 4.6 2.1 0.42
UI_TB2 | 8/16/2015 0.8 0.2 8.6 1.6 0.92

Averages 1.6 7.5 4.5 1.5 1.11
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Table 13: Summary statistics for all storms with Izo>1.0cm/h at BT

BT
Total P | Duration | MaxIs | MaxIs | Lag, peak P to peak
cage | D ) em | | (com) | (e Q h)
BT _TB1 | 7/1/2015 1.4 1.0 8.5 2.6 0.42
BT _TB2 | 8/16/2015 0.5 0.5 2.8 1.0 0.67
Averages 1.0 0.7 5.7 1.8 0.55

Table 14: Summary statistics for all storms with an Is>1.0cm/h at BI

BI
Total P | Duration | MaxIs | MaxIs | Lag, peak P to peak
cage | D ) em | o | e | (e Qh)
BI_TB1 | 6/28/2015 0.6 0.4 3.7 1.2 0.17
BI_TB1 | 8/16/2015 0.9 0.6 5.8 1.7 0.17
BI_TB2 | 7/1/2015 0.6 0.9 34 1.1 0.25
Averages 0.7 0.6 4.3 1.3 0.20
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