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ABSTRACT

ESTIMATING CHANGES IN STREAMFLOW ATTRIBUTABLE TO WILDFIRE IN
MULTIPLE WATERSHEDS USING A SEMI-DISTRIBUTED WATERSHED MODEL

Over half of western U.S. water supply is sourced from forested lands that are increasingly under
wildfire risk. Studies have begun to isolate the effects of wildfire on streamflow, but they have
used coarse temporal resolutions that cannot account for the numerous, interconnected watershed
processes that control the responses to rainfall events. To address these concerns, we developed a
method to isolate fine-scale (daily) effects of fire from climate. Wildfire effects were represented
by the difference between measured post-fire daily streamflow and simulated unburned post-fire
daily streamflow from a hydrologic model calibrated to pre-fire conditions. The method was
applied to track hydrologic recovery after wildfires in six burned watersheds across the western
U.S.: North Eagle Creek, NM (2012 Little Bear Fire), Lopez Creek, CA (1985 Las Pilitas Fire),
and City Creek, Devil Canyon Creek, East Twin Creek, and Plunge Creek, CA (2003 Old Fire).
All six watersheds experienced prolonged increases of post-fire streamflow, with the most
consistent changes occurring during periods of low streamflow. Following 6 years of increased
streamflow, Lopez Creek experienced 6 years of reduced streamflow, before returning to pre-fire
streamflow behavior 12 years after the fire. North Eagle Creek and the four watersheds affected
by the Old Fire continued to demonstrate elevated streamflow 9 and 18 years post-fire,
respectively. This study demonstrates the utility of examining post-fire streamflow at daily
resolution over multiple years. In particular, these results captured the variability of change

across flow frequencies during recovery periods that would not be quantifiable otherwise.
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1. INTRODUCTION

Concerns about the impact of wildfires on water supplies are growing as wildfires
become larger and more common throughout the American West (Williams et al., 2019a,
Abatzoglou et al., 2021, Barnard et al., 2023). Although fire has always played a role in
ecosystem health in this region, wildfire activity has been unprecedented during the past four
decades, evidenced by the total area burned in Western forests increasing by 1270% since the
1970s (Abatzoglou and Kolden, 2013; Abatzoglou and Williams, 2016; Westerling, 2016).
Because 65% of the West’s water supply is sourced from forested lands under elevated fire risk
(Brown et al., 2008) and the West’s water is almost completely allocated (Hurd and Coonrod,
2012), quantifying the impact of fire on water supplies is becoming increasingly consequential.
Projected increases in demand and changes in the magnitude and timing of supply as a result of
climate change are expected to lead to regular water shortages by the middle of the century if
major adaptations are not implemented (Foti et al., 2012; Blanc et al., 2014; Chavarria and
Gutzler, 2018; Brown et al., 2019).

Wildfires can alter watershed hydrology in several ways, with the most significant
changes evident in high severity burns (Martin and Moody, 2001). Following combustion of the
forest canopy, undergrowth, ground litter, and interception storage diminishes, resulting in
elevated throughfall (Veatch et al., 2009; Williams et al., 2019b). Additionally, infiltration is
reduced via the development of water-repellent soils (Debano, 2000; Nyman et al., 2010; Moody
and Ebel, 2012), soil sealing by ash and fine sediment (Onda et al., 2008; Larsen et al., 2009;
Nyman et al., 2014), loss of soil structure (Neary et al., 1999, Moody et al, 2016), and reduction
in macropores (Nyman et al., 2014). The removal of mature vegetation also greatly reduces

transpiration (Nolan et al., 2014; Poon and Kinoshita, 2018; Blount et al., 2020) but increases



soil evaporation, usually resulting in a net reduction in evapotranspiration (ET) (Paco et al.,
2009; Schlesinger and Jasechko, 2014; Mankin and Patel, 2023). However, ET may increase or
remain unchanged following fire in areas with high total radiation and/or rapid regrowth of post-
fire vegetation (Goeking and Tarboton, 2020). Furthermore, elevated radiative and turbulent
energy fluxes typically increase the rate and advance the timing of snowpack ablation (Veatch et
al., 2009; Burles and Boon, 2011; Harpold et al., 2014; Giovando and Niemann, 2022).

The changes in watershed hydrology often result in notable differences between pre- and
post-fire streamflow behavior (Helvey, 1980; Kinoshita and Hogue, 2015; Bart and Tague, 2017;
Moeser and Douglas-Mankin, 2021; Mankin et al., 2022), but the impacts are highly variable.
Past studies have demonstrated that a single wildfire can affect the full spectrum of streamflow
conditions, ranging from baseflow to flood events. For example, Helvey (1980) demonstrated
that post-fire streamflow at all observed frequencies more than doubled in a severely burned
forested watershed in central Washington. In contrast, Bart and Hope (2010) found no detectable
change in post-fire streamflow using a paired-catchment approach in a central California
watershed that was 100% burned (53% moderate to high severity). Additionally, the duration of
the wildfire’s effect on streamflow is highly variable, ranging from no measurable effect (Bart
and Hope, 2010), to less than five years (Hubbert et al., 2012), to more than four decades
(Niemeyer, 2020). While there is no clear agreement, the proportion of the watershed burned,
burn severity, post-fire precipitation, and vegetative regrowth are believed to be the primary
controls on the magnitude of change in post-fire hydrologic responses (Kinoshita and Hogue,
2011; Bart and Tague, 2017; Wagenbrenner et al., 2021). However, the rainfall-streamflow
relationship is highly complex and focusing on a single factor may be insufficient to account for

changes in streamflow after fire. Bart (2016) concluded that incorporating multiple variables



(e.g., annual streamflow from unburned watersheds, percentage of watershed burned, vegetative
recovery, etc.) in a model improved its ability to predict post-fire streamflow compared to using
the variables individually.

The effect of wildfire on streamflow has been studied for nearly a century (Hoyt and
Troxel, 1934), but only in the last decade have methods been employed to isolate the effect of
fire from other factors. Bart (2016) demonstrated that annual streamflow from unburned control
watersheds is a highly significant predictor of annual streamflow in burned watersheds,
demonstrating that non-fire-related factors and regional weather patterns strongly influence
streamflow response after fire. To expound upon this, a number of recent wildfire hydrology
studies have introduced a residual term that captures changes in streamflow attributed to
disturbance (i.e., wildfire) while accounting for other components that affect streamflow (i.e.,
climate, etc.) separately (Williams et al., 2022). Hallema et al. (2017) utilized a double-mass
analysis and climate elasticity model framework to separate streamflow contributions attributable
to fire (residual term) and climate by linearly relating changes in mean annual streamflow to
relative changes in mean annual precipitation. In doing so, they estimated that a burned
watershed in Arizona experienced a 266% increase in annual yield in the 5 years after fire, where
+219% was attributed to fire and the other +47% was attributed to meteorological conditions.
Using the same methodology, they estimated that a burned watershed in California experienced a
-64% change in annual yield in the 5 years after fire, where +38% was attributed to fire and
-102% was attributed to meteorological conditions. Another way to isolate the effect of the fire is
to quantify all sources and sinks in the system of interest. Taking this approach, Blount et al.
(2020) estimated the residual term on an annual basis by quantifying precipitation, streamflow,

ET, and subsurface storage for pre- and post-fire time periods in a burned watershed in Western



Montana. By assuming identical annual climatic conditions during the pre- and post-fire periods,
they estimated that the net reduction in ET and increased subsurface storage attributable to the
fire resulted in a +140% increase in streamflow during the 11-year post-fire study period.

So far, the studies using the residual approach have utilized monthly or annual
streamflow data to evaluate changes due to fire (Mahat et al., 2016; Hallema et al., 2017; Blount
et al., 2020; Williams et al., 2022). However, because temporal variations in precipitation play a
key role in generating streamflow (Shuai et al., 2022), increasing the temporal resolution could
provide a clearer indication of the wildfire effects while also highlighting seasonal or event-
based changes in behavior. Furthermore, prior research has estimated the residual term using
data analysis methods (Mahat et al., 2016; Hallema et al., 2017; Blount et al., 2020; Williams et
al., 2022). Watershed models have the potential to improve upon the past methodology because
they are able to account for the numerous, interconnected physical processes that directly
influence streamflow (i.e., actual ET, soil processes, interception storage, interflow, etc.).

The primary objective of this study is to isolate and quantify the effect of wildfire on
streamflow at a daily resolution over multiple years by combining measured streamflow and
simulations from a watershed model. The study considers six watersheds affected by wildfires.
For each watershed, a model is used to estimate the streamflow that would have occurred during
the post-fire period had the wildfire not happened. Each model is constructed by calibrating to
multiple years of measured streamflow in the pre-fire period and then applying the model
without changes to the post-fire period. The effect of the wildfire is then estimated as the
difference between measured streamflow (burned condition) and simulated streamflow
(unburned condition) during the post-fire period. By operating at a daily resolution for multiple

years, we identify conditions (e.g., low flow vs. high flow) for which streamflow changed



throughout the recovery of the watershed, which provide insight for post-fire water management
strategies.

The outline of this thesis is as follows. Chapter 2 discusses the study watersheds. Chapter
3 highlights modeling methodology. Chapter 4 summarizes the datasets used in this research.
Chapter 5 presents the simulated streamflow data for the study watersheds and discusses

implications of these results, and Chapter 6 provides the main conclusions of the study.



2. STUDY WATERSHEDS

The following criteria were used to select the study watersheds: (1) availability of daily
USGS stream gauge data before and after the wildfire of interest, (2) absence of reservoirs or
diversion structures upstream of the stream gauge, (3) low fire activity prior to the wildfire of
interest, (4) at least 50% of the watershed burned in the wildfire of interest, and (5) the wildfire
of interest occurred no earlier than 1985 to allow the use of gridded meteorological data. These
five criteria yielded over 40 potential study watersheds. The final selection was made based on
the quality of the input data, the severity of the wildfire, and the length of pre- and post-fire
records. The six watersheds selected for this study have nearby meteorological stations, wildfires

with a high fraction of moderate to high burn severity area, and lengthy pre-fire and post-fire

records (Table 1).

2.1 North Eagle Creek

North Eagle Creek is an intermittent stream on the eastern slopes of the Sierra Blanca
Range in south central New Mexico, U.S. (Figures 1a, 1b). The 13.9 km? watershed has an
average slope of 48%, and elevations from 2,330 to 3,250 m. The wildfire of interest, the
June/July 2012 Little Bear Fire, burned 93% of the watershed, with moderate to high severity
burns covering 34% of the watershed (MTBS, 2022). Only one other fire (2003 Ski Run Fire;
6.6% of watershed burned) occurred in the watershed between 1950 (when National Interagency
Fire Center records begin) and 2021 (Table A.1 provides the fire history for each watershed)
(NIFC, 2022). Prior to the Little Bear Fire, vegetation was Douglas fir, ponderosa pine,
lodgepole pine, and aspen (USGS, 2022a). The Sierra Blanca soil complex consists of
Oligocene-era pyroclastics, lava flows, and intrusions (Kelley et al., 2014). Although an official

soil survey is unavailable for the study area, a limited number of soil profiles taken during field



reconnaissance were classified as gravelly clay loams 75 cm in depth. Average annual
precipitation (1981 to 2021) is 810 mm, with 60% of this total occurring during the summer
monsoon season (June-September) (Daly et al., 2008; PRISM, 2022). Snowpack reaches
maximum snow water equivalent (300 mm) in February to March, followed by a rapid ablation
period (NRCS, 2022a). The watershed has been considered in previous wildfire/streamflow

studies by Moeser and Douglas-Mankin (2021) and Mankin et al. (2022).

2.2 Lopez Creek

Lopez Creek is a perennial stream in the Santa Lucia Range in coastal central California,
U.S. (Figures la, 1c). The 54.0 km? watershed has an average slope of 52% and elevations range
from 180 to 870 m. The wildfire of interest, the July 1985 Las Pilitas Fire, burned 100% of the
watershed with 53% experiencing moderate to high severity burns (MTBS, 2022). Only 2.0% of
the watershed burned before the Las Pilitas fire and 0.7% burned afterward (Table A.1) (NIFC,
2022). Prior to the Las Pilitas Fire, the watershed consisted primarily of coastal live oak and
savanna and chaparral (USGS, 2022a). Watershed geology is dominated by the Miocene-era
Monterey Formation, which is a well-bedded mix of shale, siltstone, and mudstone (Nilsen,
1981). Soil surveys classify local soils as clay loams with gravel 40 to 130 cm in depth (NRCS,
2022b). Average annual precipitation (1981 to 2021) is 680 mm, with 70% of this total occurring
during winter and early spring (November-March) (PRISM, 2022). Snowfall is exceptionally
rare because precipitation rarely falls at temperatures below 0°C (PRISM, 2022). The watershed

has been considered in a previous wildfire/streamflow study by Bart and Hope (2010).

2.3 San Bernardino Watersheds
Four neighboring watersheds in the San Bernardino Range (Devil Canyon Creek, Plunge

Creek, East Twin Creek, and City Creek) in southern California, U.S. were affected by the same
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wildfire of interest: the October/November 2003 Old Fire (Figures 1a, 1d). Prior to the Old Fire,
vegetation consisted of chaparral, ponderosa pine, lodgepole pine, and oak (USGS, 2022a).
Local geology is highly complex with Cretaceous-era granites folded and faulted across a
metamorphosed core of Precambrian gneiss (Morton and Miller, 2006). Long-term average
annual precipitation (1981 to 2021) is 650 mm, with 80% occurring during winter and early
spring (November to March) (PRISM, 2022). Snow regularly falls in the winter above 1000 m in
elevation considering that precipitation often falls at temperatures below 0°C (PRISM, 2022).

Devil Canyon Creek

The Devil Canyon Creek watershed has an area of 14.5 km?, with an average slope of
50% and an elevation range from 630 to 1650 m. Prior to the fire, Devil Canyon Creek was
perennial during wet years and intermittent during dry and average precipitation years. The Old
Fire burned 96% of the watershed, with moderate to high severity burns covering 71% (MTBS,
2022). Two notable wildfires, the 1954 and 1980 Panorama Fires, burned 90% and 27% of the
watershed, respectively, before the Old Fire (Table A.1) (NIFC, 2022). Less than 1% of the
watershed has burned since the Old Fire (NIFC, 2022). Soil surveys suggest that local soils are
primarily gravelly or sandy loams 90 cm in depth (NRCS, 2002b). The watershed has been
considered in previous wildfire/streamflow studies, notably by Kinoshita and Hogue (2011), and
Kinoshita and Hogue (2015).
City Creek

The City Creek watershed has an area of 51.5 km?, with an average slope of 47% and an
elevation range from 440 to 1970 m. Prior to the fire, City Creek was perennial. In 2003, the Old
Fire burned 84% of the watershed with moderate to high severity burns covering 58% (MTBS,

2022). Earlier in the same year, 10% of the watershed was burned by the Bridge Fire, with 6% of



the watershed experiencing moderate to high severity burns (MTBS, 2022). Before the Old Fire,
East Highland (1956), McKinley (1956), Bear (1970), and Sycamore (1980) Fires, burned 21%,
60%, 28%, and 14% of the watershed, respectively (Table A.1) (NIFC, 2022). Only 5% of the
watershed burned after the Old Fire (NIFC, 2022). Soil surveys suggest that local soils are
gravelly sandy loams, 40 to 150 cm in depth (NRCS, 2022b). The watershed has been considered
in previous wildfire/streamflow studies including Kinoshita and Hogue (2011) and Kinoshita and
Hogue (2015).

East Twin Creek

The East Twin Creek watershed has an area of 23.6 km?, with an average slope of 49%
and elevation range of 490 to 1870 m. Prior to the fire, East Twin Creek was perennial. The 2003
Old Fire burned 94% of the watershed with moderate to high severity burns covering 43%
(MTBS, 2022). Moreover, 43% of the watershed burned in the 2002 Arrowhead Fire, with 11%
of the watershed experiencing moderate to high severity burns (MTBS, 2022). Before the Old
Fire, Arrowhead Springs (1953) and Panorama (1980) Fires burned 55% and 83% of the
watershed, respectively (NIFC, 2022) (Table A.1). Less than 1% of the watershed has burned
since the Old Fire (NIFC, 2022). Soil surveys suggest that local soils are composed of gravelly
sandy loams 40 to 150 cm in depth (NRCS, 2022b).
Plunge Creek

The Plunge Creek watershed has an area of 43.4 km?, with an average slope of 44% and
an elevation range of 520 m to 2000 m. Prior to the fire, East Twin Creek was perennial during
wet years and intermittent during dry and average precipitation years. The Old Fire burned 49%
of the watershed, with moderate to high severity burns covering 21% (MTBS, 2022). Before the

Old Fire, Smiley (1955), East Highland (1956), Bear (1970), and Mill (1997) Fires, burned 10%,



449, 82%, and 12% of the watershed, respectively (Table A.1) (NIFC, 2022). After the Old Fire,
24% of the watershed burned again in the 2007 Slide Fire (NIFC, 2022). Soil surveys suggest

that local soils are gravelly sandy loams 40 to 150 cm in depth (NRCS, 2022b).
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3. MODELING METHODOLOGY
We calibrated a model for each watershed for pre-fire conditions and then used the model
to simulate the daily post-fire streamflow that would have occurred without wildfire. A residual
term, the difference between the measured streamflow (burned condition) and the simulated
streamflow (unburned condition), was used to isolate the effect of wildfire on streamflow during

the post-fire period.

3.1 Model Description

Modeling was performed using the Ages model (version 1.0). Ages is a watershed model
that implements hydrologic and ecological components into one framework (Ascough et al.,
2012; Green et al., 2015). Its components were adapted from the J2000 and J2000-SN (Krause,
2002; Nepal et al., 2014), SWAT (Arnold et al., 2012), WEPS (Wagner, 2013), and RZWQM
(Ma et al., 2012) models. Ages has shown promise relative to other watershed models (i.e.,
PRMS and SWAT) in mountainous environments, potentially due to representation of ET losses,
soil-water distribution, and surface and subsurface hydrologic response unit (HRU) connectivity
that mirrors the complex hydrologic processes and interconnections in mountain forest
environments (Mankin et al., 2022). The model was used with a daily time step. Spatial
variability was considered by dividing each study basin into HRUs that were delineated based
upon stream network patterns. The minimum size of each HRU was held at 100 ha; smaller areas

were merged until the size exceeded 100 hectares.

Daily meteorological inputs included precipitation, air temperature, relative humidity,
wind velocity, and shortwave solar radiation. These variables were interpolated to the centroid
of each HRU via an inverse distance weighting method before use on the model. Ages partitions

precipitation between rain, snow, or a mix, depending upon air temperature. Actual (simulated)
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ET is determined from simulated soil moisture and Penman-Monteith potential ET, where
longwave radiation is calculated from the air temperature, actual vapor pressure, shortwave solar
radiation, and the clear sky solar radiation (Ascough et al., 2012). Albedo and crop coefficient
values are based upon the default Ages values for the land classification of each respective HRU

(Neitsch et al., 2011).

Precipitation is first intercepted by the canopy and is assumed to exit the system at the

potential ET rate. Canopy interception storage (Scanopy> mm) uses the simple storage approach
described in Dickinson (1984), which is a function of the leaf area index (LAI) (A, m*m?) and

the storage capacity of the leaf area (a,4in snow. mm):

Scanopy = Aarain,snow (D).
where a has separate values for snow and rain. If S¢qpepy is €xceeded, surplus precipitation is

treated as throughfall and passed to other modules (i.e., soil water and/or snow).

The snow module is adapted from the model described in Knauf (1980), which simulates
the different phases of accumulation, metamorphosis, and melt. The snow module has an
emphasis on changes in snow density due to melting and subsidence, which allows it to store free
water until a certain threshold density is reached. During the lifetime of the snowpack, the model
switches between the accumulation and compaction/melt phases, depending upon air
temperature. Two temperature thresholds are established. If the air temperature is below the
accumulation threshold and precipitation only falls as snow, only the accumulation phase is
active. If the air temperature is above the melt threshold and precipitation only falls as rain, only
the compaction/melt phase is active. Between the two temperatures, or if precipitation falls as a

mix of rain and snow, both phases are active. Stored energy in the snowpack is considered with
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cold content, which prevents snowmelt from occurring until cold content exceeds a value of zero.

The amount of potential snowmelt (7, mm) which occurs is given by:

m = Tairptfactor + Tairprfactorr + pgfactor (2)

where Ty, is air temperature (°C), Pyractor 18 a calibrated parameter describing energy input
from air temperature (mm/°C), Prsqctor 18 @ calibrated energy input parameter from rain
(mm/°C), Pgractor 18 a calibrated energy input parameter from soil heat flow (mm), and r is the
depth of rain (mm). The snowpack is able to store liquid water up to a certain critical density
(Perit 8/cm3), beyond which water is released from the snowpack. The maximum SWE the

snowpack can store (W, 4., mm) is calculated by:

Pcrit 3)

Winax = d

pwater

where pyqzer is the density of water (g/cm3) and d is the depth of the snowpack (mm). Water

stored in the snowpack which exceeds W, ., 1s converted to runoff (Qgy,, mm) by:

Qsnow = Wrot = Winax 4)
where W, is total SWE (mm). The density of the snowpack is then held at the critical density

until it either completely melts or accumulation occurs from new snowfall.

Soil water is the most complex module in Ages and interacts with nearly all other
modules. Actual infiltration (i,c;, mm/d) of rainfall, ponded surface water, or snowmelt is

computed by:

fact = Imax(1 — Osoi) + k¢ 5
where i,,x 1S @ maximum possible infiltration rate (mm/d), 84; is the degree of soil water

saturation in the respective layer (m*/m?), and k¢ is the field saturated hydraulic conductivity of
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the uppermost soil layer (mm/d) (Green et al., 2015). Any water exceeding i, is passed to soil
depression storage, which may either infiltrate or evaporate. If soil depression storage capacity is
exceeded, surplus water is routed to the nearest channel or HRU. Once water enters the soil
profile, it is partitioned between two compartments, middle pore storage (MPS) and large pore
storage (LPS), in the unsaturated zone. MPS represents the water stored in medium-sized pores
(diameter = 0.2 to 50 um), which can be held against gravity (i.e., field capacity). LPS represents
the water held in large pores and macropores (diameter > 50 um), which cannot be held against
gravity (i.e., air capacity). MPS can only be removed via suction (i.e., transpiration), while LPS
can be removed by transpiration, interflow, and percolation. The distribution of infiltrated water
between the MPS (M;,, mm/d) and LPS (L;,, mm/d) is calculated using the degree of soil water

saturation of the MPS (8yps, m*/m?) as an indicator:

Miy, = iaet(1 — e PaistmpsLps/Omps) (6)
Lin = iact - Min (7)
where pgisempsLps 1S a calibrated parameter that controls the distribution of infiltration to MPS

and LPS. The total outflow rate from the LPS (Ly,¢, mm/d) is given by:

Lowt = LactefoLilljsout 3)

where L, is the maximum available outflow in LPS (mm/d) and p;pgs,y¢ 1S a calibrated

parameter for LPS outflow.

Interflow (I, mm/d) and percolation (P, mm/d) are calculated using the HRU slope (5)

and pedological parameters (e.g., thickness of soil layers and hydraulic conductivity):

I = LoutPratvertpisttans 9)
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P = LoutPiaevertpisctan (1 — tanS) (10)
where p;qtvertpist 1 @ calibrated parameter that controls the distribution between interflow and

percolation. Actual ET (Ejc,, mm/d) is calculated based on potential ET (E},or, mm/d) and

degree of saturation of the MPS (8yps) via a polynomial reduction function:

_10(1-6mps) (1)
Eact = Epot 10 PsoitPolred

where Dsoiipoireq 18 @ calibrated ET reduction factor.

Groundwater is divided into two storages: fast-moving shallow groundwater and slow-

moving deeper groundwater:

Giin = PdistmpsLpsP tans (12)
G2in = PdistmpsLpsP (1 — tans) (13)
where G1j,, 1s shallow aquifer recharge (mm/d) and G,;,, 1s deep aquifer recharge (mm/d).

Groundwater outflow (i.e., baseflow) is a function of storage content and a recession constant:

Glact (14)
Giout = kGl
_ GZact (15)
Gaout = Koy

where Gy 1S shallow aquifer outflow (mm/d), G,y is deep aquifer outflow (mm/d), G4t 1S
shallow aquifer storage content (m*/m?), G, are deep aquifer storage content (m*/m?), and kg

and kg, are calibrated recession coefficients.

Following the calculation of surface streamflow, interflow, and baseflow, combined
water fluxes are computed based on topological interconnections. Topological routing files for

Ages are generated by the Cadel (Catchment areas delineation) tool (Kipka et al., 2019).
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Streamflow paths and HRUs are generated from digital elevation model (DEM) raster data at
user-specified resolutions. Land cover and soils can vary from one HRU to the next. For this
research, the National Land Cover Database (NLCD) pre-fire land cover and Web Soil Survey
soil type that covered the highest percentage of the respective HRU area were assigned to each
HRU. The topology routing scheme allows for multiple streamflow-path directions as well as
interactions between neighboring HRUs. Water can flow (1) on the surface as runoff on the
surface following topography, (2) laterally as interflow between soil horizons, (3) vertically from
the vadose zone to the water table, (4) laterally as groundwater between HRUs, and (5) as
discharge into or out of stream channels. Channel routing is performed by applying the kinematic
wave approach and streamflow is then iteratively calculated via the Manning-Strickler equation.
Finally, stream reach outflow, Q¢ (m3 /s), is calculated from streamflow velocity, v (m/s),

streamflow in the stream reach, g, (m3/s), and a unitless flood routing coefficient, 7:

3600vt, (16)
Tk = 7

1
- (17)
Qout = Gact"€ ¢

where t, is a calibrated routing coefficient and [ (m) is the streamflow length of the respective

stream reach.

3.2 Model Calibration and Evaluation

The model for each of the six watersheds was simulated for a warmup period prior to the
calibration period. This was done to limit the effect of unknown initial values for MPS, LPS,
groundwater storage, etc. The warmup period for all watersheds except Lopez Creek was two
years in duration. The warmup period for Lopez Creek was shorter than the others (1 month) due

to the limited availability of earlier meteorological input data.
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Calibration was performed using LUCA (Let us calibrate) (Hay and Umemoto, 2006), a
shuffled complex evolution calibration tool, by comparing simulated daily streamflow with
measured daily streamflow. LUCA operates within a specified range of plausible parameter
values. Weights were assigned to different objective functions, which included Nash-Sutcliffe
efficiency (NSE), NSE calculated on the log of streamflow (NSE-Log), and Kling-Gupta
efficiency (KGE). Because NSE has been shown to emphasize high flows (Clark et al., 2021)
and NSE-Log cannot be calculated when observed flows are zero, observed flows of zero were
replaced by a value of 0.1 L/s. This substitution allowed NSE-Log to be calculated at all times
and thus ensured that the calibrated model considers the full record of observed streamflow.
Ages relies heavily on the calibration process, as nearly every parameter of significance was
calibrated. A total of 52 parameters were calibrated, and the final values for each watershed are

given in Table B.1 and B.2. An example of the calibration scheme is provided in Appendix C.

Before performing the final calibration for each basin, a split sample procedure was used
to evaluate the model’s reliability for estimating streamflow for unobserved periods. For each
watershed, the pre-fire streamflow was divided approximately evenly between preliminary
calibration (Split 1) and evaluation (Split 2) datasets. While wet and dry periods were included in
each dataset to the extent possible, Split 1 was still much wetter than Split 2 for every watershed.
The final pre-fire calibration periods for each watershed used both Split 1 and 2. The final
calibration period varied according to data availability: North Eagle Creek (4.7 years), Lopez
Creek (4.4 years), Devil Canyon Creek (9.1 years), City Creek (8.9 years), East Twin Creek (7.7
years), and Plunge Creek (9.1 years). Calibration periods for City Creek and East Twin Creek
were less than Devil Canyon Creek and Plunge Creek due to the potentially non-negligible

effects of the 2003 Bridge and 2002 Arrowhead fires.
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4. DATASETS

Meteorological Data

While weather stations were present within a few kilometers of the study basins, gridded
surface meteorology datasets were chosen to capture orographic variability within the
mountainous watersheds. Three gridded datasets were utilized in this research because no single
source included all the required climate variables. Average daily incident shortwave radiation
was obtained from Daymet (version 4 R1) (Thornton et al., 2021). Average daily wind speed was
obtained from GridMET (Abatzoglou, 2013). Daily minimum and maximum temperatures,
average relative humidity, and precipitation were obtained from PRISM (PRISM, 2022). All
meteorological datasets have 4 km grid cells. Both Daymet and GridMET define a day as
“midnight to midnight local standard time” (Thornton et al., 2021; Abatzoglou, 2013), which is
consistent with the model’s daily time step. However, PRISM defines a day as “the 24 hours
ending at 12:00 Greenwich Mean Time” (PRISM, 2022). Because the study watersheds are in the
Mountain and Pacific time zones, unaltered PRISM data include only 4 or 5 hours of data from
the day of interest. Therefore, PRISM data were shifted one day earlier (e.g., data listed by
PRISM as May 26 were recategorized as May 25) to improve their overlap with the other

datasets.

Soil Data

Soil data were obtained from the Natural Resources Conservation Service’s Web Soil
Survey (NRCS, 2022b). Ages allows for soil units to vary between HRUs. If an HRU had more
than one soil unit within its boundaries, the soil unit with the largest coverage in the HRU was

assigned as the sole unit. The range of values used by the LUCA calibration process for layer
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thickness, porosity, field capacity, wilting point, and infiltration capacity were constrained based

upon values presented by the Web Soil Survey.

Land Cover Data

National Land Cover Database (NLCD) data were obtained for 2001, 2003, 2006, 2008,
2011, 2013, 2016, and 2019 to track vegetative recovery following the fires (USGS, 2022a).
Land cover used in the model for North Eagle Creek and the San Bernardino watersheds were
based on the most recent NLCD dataset before the fire (i.e., 2011 and 2001, respectively).
Because NLCD products were unavailable prior to 2001, the land cover for the Lopez Creek
model was based upon the 2019 NLCD dataset (based on the assumption that the vegetation 35
years after the fire would be similar to pre-fire conditions). Land cover data for the post-fire

analysis for Lopez Creek were obtained from LCMAP from 1985 to 2010 (USGS, 2022b).

Leaf Area Index

LAI data were obtained from data collected by the NASA Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite. LAI is calculated using algorithms that consider spectral
reflectances, land cover type, and information on biomes and soil patterns (Myneni et al., 2002).
Data from September were used because September has been found to approximately represent
average annual LAI values in evergreen forests, grasslands, and shrublands (Ukasha et al., 2022).
LAI data throughout the month of September were obtained each year from 2002 to 2021 for

each watershed.

Fire Data

Historic fire perimeters were collected from the National Interagency Fire Center and are
available from 1950 to 2022 (NIFC, 2022). Burn severity data were obtained from Monitoring
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Trends in Burn Severity (MTBS) (MTBS, 2022). While burn severity data from Burned Area
Emergency Response (BAER) were considered for use in this study, BAER does not date back to
the 1985 Las Pilitas Fire. Thus, MTBS data were used for all watersheds for consistency. MTBS
burn severity data are created by first calculating a Normalized Burn Ratio (NBR) from near-
infrared and shortwave infrared spectral ranges. Then, the difference between pre-fire and post-
fire NBR images is classified into burn severity classes (Eidenshink et al., 2007). For these
reasons, MTBS emphasizers the burn severity of vegetation and does not provide detail on burn

severity of soil layers.

Streamflow Data

USGS streamflow data were obtained for each study basin from the first day of record
through December 31, 2021 (USGS, 2022c). The time series of daily streamflow for North Eagle
Creek was constructed via subtraction of the South Eagle Creek near Alto, NM (USGS
08387575) stream gauge from the Eagle Creek below South Fork near Alto, NM (USGS
08387600) stream gauge. The two stream gauges are located just upstream and downstream of
the confluence of the North and South Forks and within 100 m of one another. The other stream
gauges used in this study directly measure the streamflow at the study basin outlets. They
include Lopez Creek near Arroyo Grande, CA (USGS 11141280), Devil Canyon Creek near San
Bernardino, CA (USGS 11063680), East Twin Creek near Arrowhead Springs, CA (USGS
11058500), City Creek near Highland, CA (USGS 11055800), and Plunge Creek near East

Highlands, CA (USGS 11055500).
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5. RESULTS AND DISCUSSION

Calibration performance statistics are summarized in Table 2. Performance statistics were
generally better during the wetter calibration (Split 1) periods than the drier evaluation (Split 2)
periods. The difference may suggest that Ages performs better during wet conditions than dry
conditions, but it also may suggest that Ages is prone to overfitting due to its large number of
calibrated parameters. Even with the drop in performance for the evaluation periods, the split
sample analysis suggests that the model can produce useful predictions for unobserved periods
(upper part of Table 2). The final calibration models (lower part of Table 2) also accurately
reproduced daily streamflow for the pre-fire periods. All models had final calibration NSE values
of 0.85 or greater and bias values 4.0% or less, indicative of very good model performance
(Harmel at al., 2018) except Lopez Creek, which had NSE = 0.65, indicating satisfactory to good
performance. All models except the two intermittent San Bernardino watersheds, Devil Canyon
Creek and Plunge Creek, had final calibration NSE-Log values of 0.5 or greater, indicating

satisfactory performance under lower-flow conditions.

5.1 North Eagle Creek

Annual average precipitation was nearly identical between the pre-fire (721 mm/yr) and
post-fire (731 mm/yr) periods. Prior to the June/July 2012 Little Bear Fire, North Eagle Creek
was an ephemeral/intermittent system (Figure 2a). In general, streamflow only occurred during
summer monsoon and early spring snowmelt periods. For the remainder of the year, streamflow
generally dropped below the detectable limit of the stream gauge. Zero-flow conditions were
recorded for 62% of the 4.7-yr pre-fire period. Flow conditions varied considerably from year to
year. Both 2008 and 2010 were active monsoon seasons, resulting in extended periods of

continuous streamflow, including an historically large rainfall event in July 2008. The period
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between 2011 and 2012 was very dry, with only 5 days of recorded streamflow in the final 471
days before the fire. Snowmelt-driven streamflow usually occurred for about a month at
intermediate streamflow rates (i.e., <10 L/s). The only exception to this was in 2010, which saw

about four months of higher streamflow (i.e., >10 L/s) driven by snowmelt.

For the pre-fire period, the model usually accurately reproduced periods of zero flow and
high flows but was less accurate for non-zero streamflow events below 20 L/s (Figures 2a, 3a),
typically simulating zero flow within that range. Flow duration curves (FDCs) of measured and
simulated streamflow during the pre-fire period confirmed accurate simulation of high flows but
underestimation of low flows for the pre-fire period (Figure 3a). Note that the curves do not
reach 100% exceedance probability (EP) due to the occurrence of zero-flow conditions. The
difference between the two curves confirms that the model accurately reproduced high flows
while underestimating low flows for the pre-fire period.

Measured streamflow patterns visibly shifted between the pre-fire (Figure 2a) and post-
fire periods (Figure 2b). Mean streamflow and 30-day maximum streamflow were 150% and
78% higher, respectively, for the post-fire period. The 30-day minimum streamflow increased
from O to 0.4 L/s. Non-zero flow was recorded 57% more frequently in the post-fire period.

The post-fire period (PFP) (9.4 years) was subdivided into three successive periods based
upon differences between measured (burned condition) and simulated (unburned condition)
streamflow: PFP-1 (2.0 years), PFP-2 (1.9 years), and PFP-3 (5.5 years) (Table 1). During PFP-
1, measured (burned) streamflow remained ephemeral and was slightly elevated relative to
simulated (unburned) streamflow (Figure 2b). FDCs indicate that the magnitude of all non-zero
flows increased due to fire (Figure 3b); however, it is probable that the simulations

underestimated the low flows for all post-fire periods similar to the pre-fire simulations (Figures
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3a, 3b). Therefore, it is likely that flows between 0% and 10% EP experienced an increase due to
the fire.

North Eagle Creek became a perennial stream throughout PFP-2 while the simulated
(unburned) streamflow remained ephemeral (Figure 2b), even with an increase in precipitation of
66% relative to PFP-1. Non-zero streamflow was measured on 98% of days compared to 50% for
simulated conditions. Measured streamflow increased relative to simulated (unburned) condition
at all EPs (Figure 3c). Specifically, low (>20% to 100% EP), intermediate (>5% to 20% EP), and
high (0% to 5% EP) streamflow and annual yield increased by 28,000%, 1,500%, 160%, and
420%, respectively.

Measured (burned) streamflow in PFP-3 remained elevated relative to simulated
(unburned) conditions but became intermittent (Figure 2b). Non-zero streamflow was measured
on 62% of days compared to 27% for simulated conditions. Measured streamflow increased
relative to simulated streamflow at all EPs with non-zero flow (Figure 3d). Low, intermediate,
and high streamflow and annual yield increased by 44,000%, 28,000%, 1,600%, and 3,000%,
respectively.

North Eagle Creek Discussion

Vegetation was greatly altered by fire, evidenced by average LAI across the watershed
decreasing from 2.0 in the pre-fire period to 1.2 in the post-fire period (Figure 4). This reduction
in LAl is supported by NLCD data, which showed a watershed-wide shift from 93% evergreen
forest in 2011 (1 year before the fire) to 58% evergreen forest, 6% shrub/scrub, and 34%
herbaceous in 2013 (1 year after the fire, in PFP-1). More recently, in 2019 (PFP-3), the

watershed was 52% evergreen forest, 45% shrub/scrub, and 1% herbaceous.
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While streamflow varied substantially between the pre-fire period and all post-fire
periods, the most noticeable changes occurred in PFP-2 and PFP-3. In PFP-1, substantial
reductions in basin-wide transpiration rates likely occurred due to the drop in LAI. Water that
would have been transpired was instead progressively added to subsurface storage throughout
PFP-1. The elevated subsurface water content at the beginning of PFP-2 then resulted in elevated
baseflow and interflow in PFP-2 and PFP-3. Storm runoff also increased in PFP-2 and PFP-3 due
to the inverse relationship between subsurface water content and infiltration capacity. LAI
steadily increased throughout PFP-1 (0.9 to 1.2) and PFP-2 (1.2 to 1.4) and then plateaued during
PFP-3 (1.4) (Figure 4). This behavior indicates that LAI (and transpiration) may have
recovered/increased enough by the beginning of PFP-3 to allow North Eagle Creek to transition
back to intermittent, albeit elevated, streamflow.

Mankin et al. (2022) compared calibrated pre- and post-fire model parameters to provide
insights into changes in hydrologic processes that may explain changes in rainfall-runoff
response. Relative to the pre-fire period, Ages post-fire calibrated parameters required
substantial changes to represent interception storage, ET, and soil water processes. Leaf
interception storage for rain and snow events decreased by 100% and 26%, respectively, in the
post-fire period. This change was confirmed during field reconnaissance in April 2021 during
which we found that the vast majority of trees were killed during the Little Bear Fire and
remained devoid of leaves or needles that could intercept precipitation. Furthermore, the two
Ages parameters that control the magnitude of transpiration were greatly reduced (82% and
97%). Fire also affected several soil water parameters. Soil depression storage and surface soil

field capacity were reduced by 97% and 50%, respectively. The reduction in soil depression
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storage may reflect the combustion of leaf litter during the fire, while the reduction in field

capacity may reflect a loss in soil structure.

5.2 Lopez Creek

Annual precipitation for the pre-fire period averaged 922 mm/yr, compared to 720 mm/yr
for the post-fire period average. Lopez Creek was a perennial system throughout the pre-fire and
post-fire periods (Figures 5a-5¢). Large streamflow events, ranging from 1,500 to 15,000 L/s,
occurred about 5 to 10 times each year but only in winter and spring (mainly December to
March). Due to limited precipitation, only baseflow occurred from spring through fall (April-
October), but it rarely dropped below 50 L/s. Nearly all streamflow conditions were adequately
modeled. Additionally, nearly every streamflow event was simulated without generating any
false events. FDCs confirm that the model accurately reproduced the full range of measured
streamflow during the pre-fire period (Figure 6a).

Measured streamflow decreased significantly after fire (Figure 5a vs. Figures 5b and 5c).
Mean daily, 30-day maximum, and 30-day minimum streamflows were 42%, 31%, and 36%
lower in the post-fire period (1985 to 2010) than during the pre-fire period. However, much of
this decrease in streamflow during PFP-1 was attributable to lower levels of precipitation during
the post-fire period.

The post-fire period (25.5 years) was subdivided into three successive time periods based
upon differences between measured (burned condition) and simulated (unburned condition)
streamflow: PFP-1 (5.6 years), PFP-2 (5.8 years), and PFP-3 (14.0 years) (Table 1). During
PFP-1, measured streamflow often slowly increased from September through December while
simulated streamflow exhibited slow declines (Figure 5b). FDCs confirm that the largest

differences between the burned and unburned conditions occurred at low streamflow (Figure 6b).
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All streamflow between 15% and 100% EP increased in magnitude. Measured low streamflow
(>20% to 100% EP) and annual yield increased by 65% and 6%, while intermediate (>5% to
20% EP) and high streamflow (0 to 5% EP) decreased by 5% and 18%, respectively, compared
to simulated streamflow. Considering how closely simulated and measured streamflow align in
Figure 6b, we believe that these slight decreases represent model error. Assuming low
streamflow increased by 65% and intermediate and high streamflow remained unchanged in
PFP-1, annual yield would have increased by 19% instead of by 6%.

PFP-2 had lower measured streamflow (burned condition) compared to simulated
streamflow (unburned condition) (Figure 5b). The reduction occurred across the full range of
measured streamflow (Figure 6¢). Low streamflow, intermediate streamflow, high streamflow,
and annual yield decreased by 41%, 38%, 48%, and 44%, respectively, compared to simulated
streamflow.

During PFP-3, measured and simulated streamflow appear similar in Figure 5c. The two
FDC:s also look quite similar (Figure 6d). Low, intermediate, and high streamflow and annual
yield decreased by only 6%, 12%, 20%, and 15%, respectively, compared to simulated
streamflow. While it is unlikely that Lopez Creek would return to identical pre-fire streamflow
conditions in PFP-3, some of the differences between measured and simulated data likely
represent minor model errors.

Lopez Creek Discussion

The relationship between measured and simulated streamflow at Lopez Creek following
the Las Pilitas Fire is quite different in each of the three post-fire periods. Compared to the
unburned condition, annual yield increased during PFP-1 (5.6 years), decreased during PFP-2

(5.8 years), and then returned to the pre-fire average during PFP-3 (14.0 years). The increase in
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flow during the PFP-1 may be explained by decreases in transpiration, which partitioned
additional water into streamflow. The switch from increased to decreased streamflow 6 years
after the fire is hypothesized to be weather driven. About 500 mm of rain (67% of annual
precipitation) fell in a 30-day period at the beginning of PFP-2 (February and March 1991),
which was then followed by 8 years of average to above-average precipitation. The relatively
wet conditions may have led to rapid growth in herbaceous and shrub/scrub biomass, resulting in
elevated transpiration rates (Goeking and Tarboton, 2020). As precipitation returned to average
levels in the PFP-3, biomass and transpiration rates likely returned approximately to pre-fire
values, which allowed Lopez Creek streamflow to return approximately to the pre-fire condition
about 11 years after the Las Pilitas Fire. While LAI data do not exist to support this hypothesis,
LCMAP data indicates that forest coverage steadily increased during PFP-1 (42% to 50% from
1986 to 1990), increased more rapidly during the PFP-2 (50% to 68% from 1990 to 1996), and
then began stabilizing during PFP-3 (68% to 74% from 1996 to 2000 and 74% to 75% from 2000
to 2010) (USGS, 2022b). This rapid increase in forest coverage during the wetter PFP-2 supports
the hypothesis that weather-driven biomass and transpiration changes may be responsible for the
post-fire streamflow patterns at Lopez Creek.

The slight increase in annual yield during PFP-1 aligns with the findings of Bart and
Hope (2010). They found no detectable increase in winter (December to February), spring
(March to May), or annual yield at Lopez Creek using a paired catchment analysis of monthly
and annual data. In general, our results demonstrate that streamflow during PFP-1 increased the
most during low streamflow periods during the dry season (i.e., June through November) while
often remaining similar to the pre-fire condition during periods of higher streamflow (i.e.,

December through May). Considering that Bart and Hope (2010) did not closely examine periods
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of low streamflow and that annual yield did not change considerably, it is not surprising that they
did not detect a change in streamflow. This highlights the benefit of analyzing the full spectrum
of flow frequencies; while yield from certain periods may remain practically unchanged
following fire, other periods may exhibit noticeable differences.

5.3 San Bernardino Watersheds

Devil Canyon Creek

Annual precipitation across the San Bernardino watersheds for the pre-fire period
averaged 664 mm/yr, compared to 577 mm/yr for the post-fire period. Prior to the fire, Devil
Canyon Creek was perennial during wet years and intermittent during dry and average
precipitation years (Figure 7a). Periods of zero flow often occurred from August through
October. Measured streamflow clearly differed between the pre-fire and post-fire periods (Figure
7a vs. Figure 7b). The most obvious change was the shift from intermittent to perennial
streamflow for the entirety of the post-fire period. On average, 47 days of zero flow were
recorded each year during the pre-fire period, while streamflow was recorded every day during
the post-fire period. Mean and 30-day maximum streamflow were 5.2% and 21% lower in the
post-fire period, respectively, while 30-day minimum streamflow was 140% higher in the post-
fire period.

Overall, the model adequately reproduced much of the streamflow record during the pre-
fire period. Intermediate and high streamflow was simulated accurately without generating any
false peaks (Figure 7a and 8a). Early periods of the baseflow recession limbs were also simulated
accurately, but periods of very low flow and/or zero-flow conditions were consistently
overestimated (Figure 7a and 8a). However, measuring very low or zero-flow conditions is

difficult; it is possible that some of the rapid drops to zero measured streamflow may be due to
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hyporheic flow bypassing the stream gauge (Zimmer et al., 2020), which would result in a closer
agreement between measured and simulated streamflow during these conditions. Because the
model likely still underestimated low streamflow for the pre-fire period, it is likely that low
streamflow and annual yield during the post-fire period increased by more than reported in the
following results. Similar behavior occurs for the other San Bernardino watersheds.

The post-fire period (18.2 years) was subdivided into two time periods based upon
differences between measured (burned condition) and simulated (unburned conditions)
streamflow: PFP-1 (13.1 years) and PFP-2 (5.0 years) for all San Bernardino watersheds (Table
1). During PFP-1, measured baseflow often receded slower than simulated streamflow (Figure
7b), particularly in dry years (e.g., 2007 and 2012 to 2015). FDCs (Figure 8b) indicate that
measured streamflow was larger than simulated streamflow in all but the lowest 0.1% EP and
most notably between 20% and 100% EP. Low (>20% to 100% EP), intermediate (>5% to 20%
EP), and high (0% to 5% EP) streamflow and annual yield increased by 160%, 37%, 10%, and
50%, respectively, compared to simulated streamflow.

PFP-2 experienced an increase in all measured streamflow except the highest flows
(Figures 7b, 8c). Although measured low streamflow and intermediate streamflow were greater
than simulated flows during this period, the changes were less pronounced than during PFP-1.
Low streamflow, intermediate streamflow, high streamflow, and annual yield changed by 68%,
16%, -24%, and 14 %, respectively.

City Creek

City Creek was perennial for the entire study period, aside from a 2-month period of zero

flow in the summer 2018 (Figure 9b). Measured streamflow patterns are not visibly different

between the pre-fire and post-fire periods (Figure 9a vs. Figure 9b). Mean and 30-day maximum
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streamflow were 3.4% and 1.1% lower in the post-fire period, respectively, but 30-day minimum
streamflow was 56% higher in the post-fire period.

During PFP-1, measured streamflow was higher than simulated streamflow (Figure 9b).
FDCs (Figure 10b) also indicate that measured streamflow was consistently larger than simulated
streamflow (aside from upper and lower 0.1% EP), most notably between 25% and 95% EP.
Measured low, intermediate, and high streamflow and annual yield increased by 240%, 85%,
23%, and 59%, respectively.

During PFP-2, streamflow remained elevated from O to 75% EP, but the changes were
attenuated with respect to PFP-1 (Figure 9b and Figure 10c). Figure 10c suggests that streamflow
decreased from 75% to 100% EP; however, we believe that this decrease is an artifact of
modeling inaccuracies, evidenced by the same behavior in the pre-fire period (Figure 10a). The
same applies to post-fire results at East Twin Creek and Plunge Creek. Measured low,
intermediate, and high streamflow and annual yield increased by 79%, 32%, 30%, and 38%,
respectively.

East Twin Creek

East Twin Creek was perennial throughout the entire study period (Figure 11a).
Measured streamflow patterns are not visibly different between the pre-fire and post-fire periods
(Figure 11a vs Figure 11b). However, measured mean, 30-day maximum, and 30-day minimum
streamflows were 29%, 27%, and 41% lower in the post-fire period than during the pre-fire
period.

For PFP-1, the differences between the measured and simulated hydrographs were similar
to the pre-fire period (Figures 11a, 11b). However, PFP-1 experienced a small increase in all

measured streamflow above 1% EP (Figure 12b). Measured low streamflow, intermediate
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streamflow, high streamflow, and annual yield increased by 24%, 58%, 13%, and 24%,
respectively.

During PFP-2, measured streamflow was larger than simulated streamflow between 1%
and 60% EP (Figure 12c). Measured low, intermediate, and high streamflow and annual yield
increased by 30%, 47%, 10%, and 24%, respectively.

Plunge Creek

Prior to the fire, Plunge Creek was perennial during wet years and intermittent during dry
and average precipitation years (Figure 13a). Periods of zero streamflow often occurred
throughout August through October. Measured streamflow patterns are visibly different between
the pre- and post-fire periods (Figure 13a vs Figure 13b). In particular, the previously
intermittent stream remained perennial for the first 13 years of the post-fire period. On average,
43 days of zero flow per year were recorded during the pre-fire period. Mean and 30-day
maximum streamflow were 7.3% and 13% lower in the post-fire period, respectively, while 30-
day minimum streamflow was 370% higher.

For PFP-1, measured streamflow almost always exceeded simulated streamflow (Figure
13b). FDCs indicate that measured streamflow exceeded simulated streamflow between 1% and
95% EP (Figure 14b). Measured low, intermediate, and high streamflow and annual yield
increased by 170%, 50%, 1%, and 30%, respectively.

For PFP-2, measured streamflow was larger than simulated streamflow between 0% and
80% EP (Figures 13b, 14c). Measured low, intermediate, and high streamflow and annual yield
increased by 58%, 41%, 34%, and 39%, respectively.

San Bernardino Discussion
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The effects of the 2003 Old Fire varied among watersheds. During PFP-1, on an annual
basis, Devil Canyon Creek, City Creek, and Plunge Creek all experienced consistently elevated
streamflow, whereas increases in streamflow at East Twin Creek were smaller and inconsistent
(Figure 15). Throughout PFP-1, measured (burned) low streamflow increased by 160%, 240%,
24%, and 170% and annual streamflow increased by 50%, 59%, 24%, and 30% at Devil Canyon
Creek, City Creek, East Twin Creek, and Plunge Creek, respectively, compared to simulated
(unburned) conditions. During PFP-2, streamflow remained elevated but attenuated relative to
PFP-1, in all watersheds except East Twin Creek. For comparison, Kinoshita and Hogue (2015)
concluded that between 2004 and 2013, annual pre-fire low streamflow increased by 1,090% and
120%, while our results estimate streamflow increased by 91% and 152%, in Devil Canyon
Creek and City Creek, respectively. While our results for City Creek align closely with Kinoshita
and Hogue (2015), we estimate a much smaller increase in low flow at Devil Canyon Creek,
which is partly related to Ages’ overestimation of zero-flow and low streamflow.

Changes in streamflow were generally consistent with the areal extent of the burn. The
two watersheds with the highest percentage of moderate to high severity burn area, Devil
Canyon Creek and City Creek, also experienced the greatest increases in streamflow. Devil
Canyon Creek had more percent area burned and more moderate to high severity burn than City
Creek, but City Creek had greater percent increases in baseflow and streamflow compared to the
unburned condition. While Devil Canyon Creek, City Creek, and Plunge Creek experienced
consistent increases in streamflow relative to the unburned conditions, East Twin Creek did not
clearly demonstrate this behavior (Figure 15). At first, this inconsistency is perplexing
considering that, from October 2002 to November 2003, burn patterns in East Twin Creek were

similar to City Creek. However, East Twin Creek is the only San Bernardino watershed that
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experienced a major fire after 1970, with 83% of East Twin Creek burning in the 1980 Panorama
Fire (Table A.1). Considering that Devil Canyon Creek, City Creek, and Plunge Creek continue
to have elevated streamflow 18 years after the Old Fire, it is likely that the calibration period for
East Twin Creek (1994-2002, which is 14 to 22 years after the Panorama Fire) coincided with a
period of recovery from the 1980 Panorama Fire. Therefore, East Twin Creek was likely in the
process of recovering from the Panorama Fire during much or all of its “pre-fire” calibration
period.

According to NLCD, vegetation had not returned to its pre-fire composition by 2019,
which is 16 years after the fire. Between 2001 and 2019, the coverage by evergreens decreased
60%, 71%, 62%, and 43% in Devil Canyon Creek, City Creek, East Twin Creek, and Plunge
Creek, respectively. Excluding East Twin Creek, decreases in evergreen coverage align with
increases in streamflow for the San Bernardino watersheds, suggesting that the percent decrease
in tree coverage may be a predictor of post-fire streamflow change. While changes in LAI and
streamflow were inversely related, results indicate that the return to basin-wide pre-fire values of
LAI do not correspond to streamflow recovery. For example, while 2011 LAI values at City
Creek and Devil Canyon Creek were only 0.7% and 3.4% lower than their respective 2003 pre-
fire values, streamflow remained particularly elevated relative to the unburned condition from
2011 to 2016 (Figure 15). Even as LAI consistently exceeded pre-fire values between 2017-
2020, streamflow remained elevated.

City Creek and Devil Canyon Creek likely experienced the greatest increases in
streamflow because they had the highest percentage of moderate to high severity burns in
addition to the greatest percent loss of tree cover. Less than half of Plunge Creek’s watershed

burned in the Old Fire, but this fraction was still enough to consistently elevate low streamflow
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and annual yield throughout both post-fire periods. Although a high percentage of the East Twin
Creek watershed also experienced moderate to high severity burns resulting from the Arrowhead
and Old Fires, changes in streamflow were attenuated in comparison to the other San Bernardino
watersheds, likely because the watershed had not fully recovered from the 1980 Panorama Fire.
Based upon this analysis, none of the San Bernardino watersheds had returned to pre-fire

streamflow conditions 18 years after the Old Fire.
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6. CONCLUSIONS
Changes in daily streamflow due to wildfire were estimated in six study watersheds. For
each watershed, the Ages model was calibrated for a pre-fire period. The pre-fire calibrated
models were then applied to the post-fire periods to simulate daily streamflow for unburned
conditions. The isolated effect of the wildfire on streamflow was determined by comparing
measured streamflow (burned condition) to simulated streamflow (unburned condition) after fire.
The following conclusions can be drawn from this study:

e All six watersheds experienced a prolonged period of increased streamflow in the years
following wildfire. The most consistent and largest relative changes in streamflow
occurred during periods of low streamflow. However, streamflow increased at all EPs for
at least one post-fire period at all watersheds except Lopez Creek, which only
experienced an increase in streamflow above 15% EP. A primary mechanism that
increases streamflow following fire may be the coupled interaction between vegetation
and subsurface water storage. Following fire, the loss of vegetation reduces transpiration
rates, which partitions additional subsurface water into baseflow and interflow, which
then increases the percentage of precipitation that becomes streamflow. In certain cases,
subsurface water content may become high enough to consistently reduce infiltration
capacity, resulting in elevated storm runoff.

e Only one watershed, Lopez Creek, experienced a prolonged period of decreased
streamflow. This decrease followed a 6-year-long increase in streamflow and persisted
for 6 years. This result indicates that post-fire streamflow does not always remain
constant or increase but can decrease for a period as well (perhaps in response to rapid

growth new vegetation after fire).
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North Eagle Creek continued to demonstrate elevated streamflow 9 years post-fire, but
showed signs of recovery, indicated by the shift from perennial to intermittent streamflow
4 years post-fire. Similarly, all four San Bernardino watersheds continued to display
elevated levels of streamflow 18 years post-fire. Devil Canyon Creek, City Creek, and
Plunge Creek showed signs of recovery, demonstrated by smaller changes in streamflow
relative to unburned conditions 13 to 18 years post-fire. Only one watershed, Lopez
Creek, demonstrated a return to pre-fire streamflow behavior during the post-fire study
periods (streamflow very similar to the unburned condition was reestablished 12 years
post-fire).

The largest changes in streamflow may not occur until multiple years after a fire. This is
evidenced by the limited changes in streamflow measured at North Eagle Creek
throughout its first post-fire period (1.9 years). It is possible that the delay in elevated
streamflow occurred because of initially high subsurface water storage availability, which
gradually decreased due to reduced transpiration.

Previous fire history influences the effect of subsequent wildfires on streamflow. If a
watershed is actively recovering from a previous wildfire, effects of the subsequent
wildfire will likely be attenuated. This is supported by the small increase in post-fire
streamflow at East Twin Creek when compared to the increases seen at the three other
San Bernardino watersheds.

Weather appears to influence post-fire changes in streamflow behavior. The largest
percent increases in streamflow coincided with relatively dry periods, while the smallest
percent increases coincided with relatively wet periods. As an example, some of the

largest increases in streamflow at the San Bernardino watersheds occurred in the dry
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years (i.e., 2007 and 2012-2015) while some of the smallest changes occurred during the
wet years (2005, 2008, 2010). This behavior may occur because slight increases in water
available for streamflow (due to a reduction in transpiration) have a larger impact on
streamflow during periods of limited water. Furthermore, it is hypothesized that the
decrease in streamflow at Lopez Creek during PFP-2 was a result of above-average
precipitation which produced temporarily elevated biomass and transpiration rates.
Future research should focus on better linking the residual (i.e., the isolated effect of fire
on streamflow) with the associated changes in hydrologic processes due to fire. Comparing the
differences between a selected number of calibrated pre- and post-fire parameters (similar to
Mankin et al., 2022) could identify the hydrologic processes and characteristics that are most
responsible for changes in streamflow due to wildfire and test a number of the interpretations
presented in this research. Increasing the temporal resolution (where subdaily data are available)
to better match the timescale of rainfall-runoff processes could better capture some of these
processes. Additionally, this study only explored the effects of three wildfires on streamflow;
because wildfires and watersheds vary widely, future work should use this (or similar)
methodology at additional sites to determine how the combination of different variables (e.g.,

burn severity, watershed characteristics, climate, etc.) affect post-fire streamflow.
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7. TABLES AND FIGURES

Table 1. Study watershed characteristics, fire characteristics (MTBS, 2022), and pre-fire and post-fire analysis periods. [Mod-High
Severity= Fraction of watershed having moderate to high burn severity, PFP=post-fire period. Values of forest, shrub/scrub, and
herbaceous spatial coverage indicate pre-fire condition and 1-year post-fire (in parentheses).]

N Eagle Ck Lopez Ck Devil Cyn Ck City Ck E Twin Ck Plunge Ck
Watershed Area 13.9 km? 54.0 km? 14.5 km? 51.5 km? 23.6 km? 43.4 km?
Mean Slope 48% 52% 50% 47% 49% 44%
Elevation Range 2330-3250 m 180-870 m 630-1650 m 440-1970 m 490-1870 m 520-2000m

Local Soil and

gravelly clay loam,

clay loam with

gravelly sandy loam,

gravelly sandy loam,

gravelly sandy loam,

gravelly sandy loam,

Thickness 0.75 m gravel, 0.4-1.3 m 0.9 m 0.4-1.5m 0.4-1.5m 0.4-1.5m
Forest 94% (58%) - 45% (13%) 43% (9%) 32% (8%) 30% (26%)
Shrub/Scrub 3% (6%) - 48% (4%) 50% (9%) 61% (12%) 52% (27%)
Herbaceous 2% (34%) -~ 0% (76%) 2% (76%) 1% (73%) 9% (38%)
Primary Fire 2003 Little Bear 1985 Las Pilitas 2003 Old 2003 O1d 2003 O1d 2003 O1d
Burned Area 93% 100% 96% 84% 94% 49%
Mod-High Severity 34% 53% 71% 58% 43% 21%

Other Notable Fire -- -- -- 2003 Bridge 2002 Arrowhead 2007 Slide
Other Burned Area  -- -- -- 10% 43% 24%

Pre-fire Start (yrs)  9/6/07 (4.7) 2/1/81 (4.4) 10/1/94 (9.1) 10/1/94 (8.9) 10/1/94 (7.7) 10/1/94 (9.1)
Fire Start 6/4/12 7/1/85 10/25/03 9/5/03 5/1/02 10/25/03
PFP-1 Start (yrs) 7/31/12 (1.9) 7/16/85 (5.6) 11/3/03 (13.1) 11/3/03 (13.1) 11/3/03 (13.1) 11/3/03 (13.1)
PFP-2 Start (yrs) 7/1/14 (1.9) 2/28/91 (5.8) 12/21/16 (5.0) 12/21/16 (5.0) 12/21/16 (5.0) 12/21/16 (5.0)

PFP-3 Start (yrs)
Study Period End
(total PFP yrs)

6/1/16 (5.6)
12/31/21 (9.4)

12/31/96 (14.0)
12/31/10 (25.5)

12/31/21 (18.2)

12/31/21 (18.2)

12/31/21 (18.2)

12/31/21 (18.2)
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Table 2. Modeling periods and performance statistics for each watershed. Performance statistics are organized as values from the split
sample analysis and final calibration (in parentheses). [NSE=Nash-Sutcliffe efficiency, NSE-Log=NSE calculated on the log of
streamflow, KGE=Kling-Gupta efficiency, Calib.=Calibration.]

N Eagle Ck Lopez Ck Devil Cyn Ck City Ck E Twin Ck Plunge Ck
Warmup Start (yrs)  10/1/05 (1.9) 1/1/81(0.1) 10/1/92 (2.0) 10/1/92 (2.0) 10/1/92 (2.0) 10/1/92 (2.0)
Split Sample Start 9/6/07 2/1/81 10/1/94 10/1/94 10/1/94 10/1/94

Split 1 End (yrs)
NSE
NSE-Log
KGE
Bias
Split 2 End (yrs)
NSE
NSE-Log
KGE
Bias

12/31/09 (2.3)
0.944 (0.916)
0.467 (0.428)
0.972 (0.816)
0.8% (17.9%)
6/3/12 (2.4)
0.388 (0.880)
0.410 (0.645)
0.292 (0.836)
-52.5% (12.9%)

12/31/82 (1.9)
0.756 (0.716)
0.605 (0.596)
0.846 (0.756)
3.6% (6.6%)
6/30/85 (2.5)
0.515 (0.657)
0.549 (0.656)
0.750 (0.829)
-7.2% (-2.5%)

12/31/99 (5.3)
0.859 (0.844)
0.429 (0.417)
0.926 (0.910)
-1.9% (-2.2%)
10/24/03 (3.8)
0.726 (0.730)
0.198 (0.222)
0.850 (0.807)
-6.5% (-12.3%)

12/31/99 (5.3)
0.863 (0.855)
0.546 (0.548)
0.930 (0.922)
-0.1% (2.3%)
9/4/03 (3.7)
0.563 (0.665)
0.391 (0.451)
0.650 (0.772)

-24.6% (-15.7%)

12/31/99 (5.3)
0.904 (0.884)
0.511 (0.440)
0.949 (0.882)
-1.7% (-6.1%)
5/30/02 (2.4)
0.638 (0.703)
0.205 (0.274)
0.618 (0.738)
30.2% (26.3%)

12/31/99 (5.3)
0.890 (0.889)
0.443 (0.406)
0.944 (0.940)
0.2% (2.0%)
10/24/03 (3.8)
0.562 (0.582)
0.355 (0.371)
0.741 (0.739)
-9.1% (-10.0%)

Final Calib. Start
Final Calib. End (yrs)
NSE
NSE-Log
KGE
Bias

9/6/07

6/3/12 (4.7)
0.750 (0.904)
0.435 (0.553)
0.644 (0.951)
-31.6% (-0.8%)

2/1/81

6/30/85 (4.4)
0.612 (0.684)
0.595 (0.649)
0.806 (0.822)
-3.9% (0.3%)

10/1/94
10/24/03 (9.1)
0.862 (0.851)
0.362 (0.367)
0.926 (0.916)
-2.7% (4.0%)

10/1/94

9/4/03 (8.9)
0.860 (0.855
0.511 (0.541
0.920 (0.926
-3.6% (-0.3%

10/1/94

5/30/02 (7.7)
0.907 (0.888)
0.517 (0.509)
0.953 (0.931)
1.4% (-3.0%)

10/1/94
10/24/03 (9.1)
0.881 (0.880)
0.416 (0.396)
0.934 (0.939)
-1.4% (-0.1%)
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Figure 2. Measured and simulated hydrographs for North Eagle Creek for the (a) pre-fire and (b)
post-fire periods. The Little Bear Fire occurred between June 4 and July 30, 2012. In the post-
fire periods, measured streamflow and simulated streamflow represent burned and unburned
conditions, respectively.
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Figure 5. Measured and simulated hydrographs for Lopez Creek for the (a) pre-fire period, (b)
post-fire periods 1 and 2, and (c) post-fire period 3. The Las Pilitas Fire occurred between July 1
and July 15, 1985. In the post-fire periods, measured streamflow and simulated streamflow
represent burned and unburned conditions, respectively.
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than or equal to 1 L/s is not shown.
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Figure 9. Measured and simulated hydrographs for City Creek for the (a) pre-fire period and (b)
post-fire periods. The Old Fire occurred between October 25 and November 2, 2003. In the post-
fire periods, measured streamflow and simulated streamflow represent burned and unburned

conditions, respectively.
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Figure 11. Measured and simulated hydrographs for East Twin Creek for the (a) pre-fire and (b)

post-fire periods. The Old Fire occurred between October 25 and November 2, 2003. In the post-
fire periods, measured streamflow and simulated streamflow represent burned and unburned

conditions, respectively.
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Figure 13. Measured and simulated hydrographs for Plunge Creek for the (a) pre-fire and (b)

post-fire periods. The Old Fire occurred between October 25 and November 2, 2003. In the post-
fire periods, measured streamflow and simulated streamflow represent burned and unburned

conditions, respectively.
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APPENDIX A

FIRE HISTORY OF STUDY WATERSHEDS

Table A.1: Watershed fire history (NIFC, 2022). Asterisk denotes fire of interest.

Watershed Fire Name Fire Year Percent Burned
N. Eagle Creek Ski Run 2003 6.6 %
N. Eagle Creek Little Bear* 2012 100.0%
Lopez Creek Gay 1981 1.8%
Lopez Creek Morretti 1984 0.2%
Lopez Creek Las Pilitas* 1985 100.0%
Lopez Creek Highway 41 1994 0.5%
Lopez Creek Lopez 2005 0.1%
Lopez Creek Lopez 2008 0.1%
Devil Canyon Creek Panorama 1954 89.8%
Devil Canyon Creek Unnamed 1970 0.8%
Devil Canyon Creek Panorama 1980 26.6%
Devil Canyon Creek Jackson 2001 0.3%
Devil Canyon Creek Devil Canyon 2001 1.6%
Devil Canyon Creek Old* 2003 95.7%
Devil Canyon Creek Highway 18 2012 0.2%
E. Twin Creek Arrowhead Springs 1953 54.8%
E. Twin Creek Unnamed 1954 1.3%
E. Twin Creek East Highland 1956 0.0%
E. Twin Creek Unnamed 1957 3.6%
E. Twin Creek Unnamed 1970 4.0%
E. Twin Creek Unnamed 1972 1.8%
E. Twin Creek Unnamed 1974 1.5%
E. Twin Creek Unnamed 1975 5.2%
E. Twin Creek Daley 1979 3.9%
E. Twin Creek Panorama 1980 82.8%
E. Twin Creek Highway 18 1994 0.2%
E. Twin Creek Hemlock 1997 0.0%
E. Twin Creek Cold 2002 0.1%
E. Twin Creek Arrowhead* 2002 43.2%
E. Twin Creek Old* 2003 95.2%
E. Twin Creek Mile 2017 0.1%
City Creek City Creek 1955 1.9%
City Creek East Highland 1956 20.5%
City Creek McKinley 1956 60.1%
City Creek McKinley 1960 0.0%
City Creek Unnamed 1968 0.1%
City Creek Bear 1970 28.2%
City Creek Unnamed 1973 0.1%
City Creek Shadow 1979 6.7%
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City Creek Unnamed 1980 0.2%
City Creek Panorama 1980 3.9%
City Creek Sycamore 1980 13.5%
City Creek Unnamed 1985 1.1%
City Creek Unnamed 1989 0.0%
City Creek Unnamed 1991 2.2%
City Creek Unnamed 1992 2.2%
City Creek Unnamed 1993 1.4%
City Creek Midnight 1995 0.4%
City Creek Rail 1995 0.1%
City Creek Roadside 1995 0.4%
City Creek Hemlock 1997 5.7%
City Creek Mill 1997 0.7%
City Creek Arrowhead 2002 0.2%
City Creek Harrison 2002 0.3%
City Creek Bridge* 2003 9.7%
City Creek Old* 2003 93.3%
City Creek Slide 2007 2.3%
City Creek McKinley 2009 0.1%
City Creek Hidden 2017 0.4%
City Creek Mart 2017 1.5%
City Creek Adobe 2020 0.1%
City Creek Easton 2020 0.4%
Plunge Creek Smiley 1955 9.8%
Plunge Creek East Highland 1956 43.9%
Plunge Creek McKinley 1956 0.3%
Plunge Creek Bear 1970 81.6%
Plunge Creek Sycamore 1980 1.8%
Plunge Creek Unnamed 1993 0.3%
Plunge Creek Unnamed 1994 0.2%
Plunge Creek Mill 1997 11.5%
Plunge Creek Bridge 2003 0.0%
Plunge Creek Old* 2003 50.0%
Plunge Creek Plunge 2006 4.4%
Plunge Creek Slide 2007 24.2%
Plunge Creek Unnamed 2008 0.1%
Plunge Creek Dollar 2017 0.3%
Plunge Creek Creek 2018 0.3%
Plunge Creek Mount R 2020 0.6%
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APPENDIX B
CALIBRATED PARAMETER VALUES

Table B.1: Calibrated parameter values for each watershed.

North Lopez Devil Canyon | City East Twin Plunge
Parameter Eagle Creek Creek Creek Creek Creek Creek
initMPS (m3/m3) 0.363 0.231 0.478 0.499 0.272 0.287
initLPS (m3/m3) 0.062 0.020 0.189 0.200 0.119 0.092
baseTemp (°C) 4.337 3.933 3.947 4.376 4.608 4.482
t_factor (mm/°C) 1.175 1.665 0.079 0.167 0.119 0.037
r_factor (mm/°C) 1.336 3421 0.055 0.153 0.224 0.036
g_factor (mm) 2.007 1.243 1.532 0.967 0.643 1.425
snowCritDens
(g/cm3) 0.642 0.771 0.353 0.459 0.654 0.249
ccf_factor
(unitless) 0.566 0.300 0.223 0.341 0.294 0.255
snow_trans (°C) 1.478 2.234 1.279 0.218 1.225 1.170
snow_trs (°C) 1.674 -0.066 -0.048 -0.095 -0.334 -0.639
a_rain (mm) 1.295 4.341 4.305 3.386 1.990 3.179
a_snow (mm) 1.400 2.261 0.000 0.182 3.936 0.032
soilMaxDPS (mm) | 3.601 1.358 0.232 1.098 4.197 1.805
soilPolRed
(unitless) 4.962 6.832 40.93 79.16 68.72 73.88
soilMaxInfSummer
(cm/d) 112.9 87.87 370.4 390.5 72.49 62.49
soilMaxInfWinter
(cm/d) 90.00 115.2 386.7 398.8 172.9 397.1
soilMaxInfSnow
(cm/d) 0.010 94.23 44.03 41.58 326.9 274.3
soilDistMPSLPS
(unitless) 7.868 0.119 4.404 0.100 0.138 0.105
soilDiffMPSLPS
(unitless) 1.819 6.457 6.611 9.143 0.106 1.998
s0ilOutLPS
(unitless) 4.372 3.831 1.994 3.681 2493 3.766
soilLatVertLPS
(unitless) 0.012 0.997 0.456 0.505 0.444 1.330
soilMaxPerc
(cm/d) 2.818 4.036 1.000 1.000 1.000 3.614
geoMaxPerc
(cm/d) 0.001 0.587 0.360 0.334 0.561 0.942
kdiff_layer
(unitless) 13.49 67.45 54.37 53.30 74.58 30.50
BetaW (unitless) 23.49 14.18 1.007 1.985 3.854 7.004
lagSurfaceRunoff
(unitless) 2.000 1.354 1.726 1.016 1.776 1.005
lagInterflow
(unitless) 1.900 2.396 1.819 1.320 1.916 2.825
initRG1 (m3/m3) 0.089 0.100 0.035 0.094 0.058 0.069
initRG2 (m3/m3) 0.083 0.063 0.081 0.100 0.064 0.020
gwRGIRG2dist
(unitless) 0.634 0.900 0.894 0.837 0.883 0.895
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gwRG1Fact

(unitless) 18.37 3.714 1.136 2.139 1.062 6.606
gwRG2Fact

(unitless) 26.78 10.21 1.039 1.246 2.239 69.85
gwCapRise

(unitless) 0.934 0.158 0.000 0.035 0.128 0.516
flowRouteTA

(unitless) 94.82 0.265 0.092 0.153 0.110 0.186
snowFactorA

(unitless) 0.149 0.017 0.071 0.141 0.129 0.030
snowFactorB

(unitless) 0.142 0.172 0.083 0.105 0.057 0.106
snowFactorC

(unitless) 0.318 0.099 0.088 0.333 0.121 0.324
snowDensConst

(unitless) 0.392 0.080 0.418 0.441 0.878 0.869
RGI1_max (mm) 60.41 310.7 86.80 244.7 195.1 5191
RG2_max (mm) 602.4 163.0 576.5 1399 819.6 822.0
RG1_k (d) 996.3 73.19 987.0 13.67 400.3 99.23
RG2_k (d) 405.4 948.3 80.41 314.2 1669 1162
RGI _active

(unitless) 4.641 5.581 0.758 6.572 2.260 2.439
Kf geo (cm/d) 3.347 105.8 32.67 123.1 4.208 10.87
PHU (CID 8-

Evergreen)

(unitless) 877.1 616.8 2999 1267 2123 875.8
BIO_E (CID 8-

Evergreen)

[(kg/ha)/(MJ/m2)] | 34.24 20.09 26.37 23.92 23.81 46.59
BLAI (CID 8-

Evergreen)

(m2/m2) 5.792 4.341 0.104 0.186 6.808 2.940
FRGRW1 (CID 8-

Evergreen)

(unitless) 0.016 0.010 0.277 0.223 0.328 0.330
LAIMX1 (CID 8-

Evergreen)

(m2/m2) 0.541 0.598 0.034 0.256 0.243 0.155
FRGRW?2 (CID 8-

Evergreen)

(unitless) 0.557 0.400 0.500 0.543 0.469 0.558
LAIMX2 (CID 8-

Evergreen)

(m2/m2) 0.785 0.605 0.804 0.704 0.878 0.802
PHU (CID 16-

Brush) (unitless) -- 1417 2999 1725 1676 1992
BIO_E (CID 16-

Brush)

[(kg/ha)/MJ/m2)] | -- 26.64 17.41 23.79 14.48 15.91
BLAI (CID 16-

Brush) (m2/m2) -- 2.249 0.102 4.119 4.066 6.695
FRGRW1 (CID

16-Brush)

(unitless) -- 0.392 0.285 0.215 0.194 0.261
LAIMX1 (CID 16-

Brush) (m2/m2) -- 0.377 0.020 0.251 0.409 0.350
FRGRW2 (CID

16-Brush)

(unitless) -- 0.436 0.500 0.493 0.517 0.596
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LAIMX2 (CID 16-
Brush) (m2/m2) -- 0.953 0.855 0.735 0.851 0.877

Table B.2: Calibrated soil parameter values for each watershed.

aircapacity fieldcapacity = deadcapacity

Watershed SID depth (cm) Kf (cm/d) root (unitless)

(m’/m?) (m’/m?) (m’/m?)
North 101 2.500 0.469 0.301 0.054 1.998 1
Eagle 102 7.500 0.494 0.327 0.027 59.27 1
Creek 103 30.00 0.495 0.191 0.060 68.77 1
104 36.00 0.416 0.217 0.072 57.11 1
Lopez 101 27.00 0.381 0.359 0.011 104.9 1
Creek 102 13.00 0.540 0.143 0.055 139.9 1
103 12.35 0.515 0.254 0.091 82.10 1
104 44.70 0.548 0.142 0.059 135.7 1
201 12.00 0.381 0.360 0.029 93.98 1
202 189.3 0.544 0.146 0.015 123.7 1
203 20.14 0.536 0.152 0.041 93.67 0
Devil 101 7.000 0.366 0.141 0.100 1.944 1
Canyon 102 79.95 0.550 0.141 0.012 365.0 1
Creek 103 79.66 0.550 0.149 0.011 47.13 0
201 8.000 0.500 0.358 0.020 0.101 1
202 59.97 0.550 0.348 0.011 386.8 1
203 10.00 0.549 0.142 0.021 257.3 0
501 16.00 0.423 0.140 0.099 1.940 1
502 33.00 0.459 0.336 0.052 270.1 1
503 59.95 0.549 0.207 0.010 318.2 1
504 10.00 0.543 0.141 0.011 164.7 0
601 11.00 0.361 0.265 0.099 0.104 1
602 59.97 0.550 0.141 0.023 349.9 1
603 22.00 0.549 0.146 0.011 168.5 0
City 101 7.000 0.382 0.141 0.100 0.273 1
Creek 102 79.95 0.550 0.239 0.014 352.7 1
103 79.37 0.544 0.226 0.015 365.5 0
201 8.000 0.400 0.345 0.023 1.947 1
202 64.61 0.437 0.338 0.026 166.7 1
203 10.00 0.467 0.206 0.068 198.3 0
301 22.00 0.527 0.134 0.063 1.907 1
302 24.00 0.511 0.316 0.038 90.84 1
303 15.00 0.469 0.208 0.048 94.78 1
304 91.14 0.503 0.238 0.052 75.38 0
401 6.000 0.396 0.120 0.100 1.093 1
402 16.77 0.384 0.125 0.099 38.88 1
403 10.00 0.440 0.120 0.100 378.5 1
East 101 7.000 0.425 0.149 0.079 1.387 1
Twin 102 66.38 0.516 0.259 0.043 189.9 1
Creek 103 65.78 0.521 0.208 0.042 283.9 1
104 55.09 0.451 0.183 0.053 263.5 0
201 8.000 0.427 0.203 0.091 1.317 1
202 49.30 0.531 0.357 0.013 141.9 1
203 10.00 0.545 0.309 0.015 132.4 1
204 25.71 0.544 0.165 0.016 276.9 0
301 22.00 0.425 0.163 0.059 1.426 1
302 24.00 0.454 0.292 0.049 131.7 1
303 15.00 0.531 0.132 0.044 89.63 1
304 81.75 0.405 0.316 0.086 90.31 0
Plunge 101 7.000 0.381 0.263 0.100 1.870 1
Creek 102 98.42 0.546 0.144 0.015 172.4 1
103 98.89 0.549 0.146 0.071 300.8 0
201 8.000 0.387 0.123 0.095 1.823 1
202 3240 0.541 0.120 0.099 184.5 1
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203
301
302
303
304
401
402
403

10.00
22.00
24.00
15.00
74.70
6.000
22.06
10.00

0.524
0.442
0.548
0.462
0.405
0.385
0.546
0.534

0.241
0.359
0.182
0.216
0.350
0.121
0.255
0.134

0.064
0.011
0.013
0.029
0.042
0.099
0.011
0.091

173.4
0.602
194.2
92.6
168.2
0.853
148.1
366.6

—_— O = = = O
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APPENDIX C
CALIBRATION SCHEME FOR DEVIL CANYON CREEK

calibration_start "1994-10-01" /[ calibration start date (change for prefire)
start_month_of_year 1

rounds 5 // calibration rounds, default 1

//model_stdout false

summary_file "lucaNS_data.txt"

trace_file "trace_of NS.txt"

/[ step definitions

step(1){ //initial storages
max_exec(20)
of_percentage(0.1)

parameter {

initMPS(lower:0.1, upper:0.5, calib_strategy:INDIVIDUAL) // initial value used for
middle pore storage (MPS) compartment

initLPS(lower:0.0, upper:0.2, calib_strategy:INDIVIDUAL) // initial value used for lower
pore storage (LPS) compartment originally 0.5 max

initRG1(lower:0.01, upper:0.1, calib_strategy:INDIVIDUAL) // Relative filling of the
upper groundwater storage at beginning of the simulation, 1=filled to capacity, O=empty
originally 0.5 max

initRG2(lower:0.01, upper:0.1, calib_strategy:INDIVIDUAL) // Relative filling of the
lower groundwater storage at beginning of the simulation, 1=filled to capacity, O=empty
originally 0.5 max

}
objfunc(method:NSLOG, timestep:DAILY, weight: 0.6) {

simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")
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observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:NS, timestep:DAILY, weight: 0.2) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:KGE, timestep:DAILY, weight: 0.2) {
simulated(file:"Outlet.csv", table:"output"”, column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
}

step(2) { //baseflow

max_exec(3000)

of_percentage(0.1)

parameter {
RG1_max(lower:50, upper:350, calib_strategy:INDIVIDUAL)
RG2_max(lower:500, upper: 1000, calib_strategy:INDIVIDUAL)
RG1_k(lower:500, upper:1200, calib_strategy:INDIVIDUAL)
RG2_k(lower:50, upper:2000, calib_strategy:INDIVIDUAL)
RG1_active(lower:0.2, upper:4, calib_strategy:INDIVIDUAL)
Kf_geo(lower:5, upper:100, calib_strategy:INDIVIDUAL)

}

objfunc(method:NS, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")
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}
objfunc(method:NSLOG, timestep:DAILY, weight: 0.4) {

simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:KGE, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
}

step(3){ //plant param
max_exec(3000)
of_percentage(0.1)
parameter {

PHU(lower:600, upper:3000, calib_strategy:INDIVIDUAL filter_param:"crop\$CID",
subset:"8,16") //shrub

BLAI(lower:0.1, upper:10, calib_strategy: INDIVIDUAL.,filter_param:"crop\$CID",
subset:"8,16") //shrub

BIO_E(lower:1, upper:50, calib_strategy:INDIVIDUAL . filter_param:"crop\$CID",
subset:"8,16") //shrub

FRGRW1(lower:0.01, upper:0.3,
calib_strategy:INDIVIDUALfilter_param:"crop\$CID", subset:"8,16") //shrub

LAIMX1(lower:0.01, upper:0.1, calib_strategy:INDIVIDUAL filter_param:"crop\$CID",
subset:"8,16") //shrub

LAIMX2(lower:0.8, upper:0.99, calib_strategy:INDIVIDUAL filter_param:"crop\$CID",
subset:"8,16") //shrubshrub

}
objfunc(method:NS, timestep:DAILY, weight: 0.4) {
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simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:NSLOG, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:KGE, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output"”, column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
}

step(4){ /levapotranpiration
max_exec(3000)
of_percentage(0.1)

parameter {

BetaW(lower:1, upper:40, calib_strategy:INDIVIDUAL) // Coefficient used to calculate
transpiration in soil layers, no range given

soilPolRed(lower:0.1, upper:80, calib_strategy:INDIVIDUAL) // Polynomial reduction
factor for reduction of potential evaporation with limited water supply, unitless

}
objfunc(method:NS, timestep:DAILY, weight: 0.4) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}

73



objfunc(method:NSLOG, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:KGE, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
}

step(5){ //interception
max_exec(3000)
of_percentage(0.1)
parameter {

a_rain(lower:0, upper:5, calib_strategy:INDIVIDUAL) // Maximum storage capacity per
Leaf Area Index (LAI) for rain, mm *changed upper from 1 to 1.5

a_snow(lower:0, upper:5, calib_strategy:INDIVIDUAL) // Maximum storage capacity
per LAI for snow

}
objfunc(method:NS, timestep:DAILY, weight: 0.4) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:NSLOG, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")
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}
objfunc(method:KGE, timestep:DAILY, weight: 0.3) {

simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
}

step(6){ //snow
max_exec(5000)
of_percentage(0.1)
parameter {

baseTemp(lower:0, upper:5, calib_strategy:INDIVIDUAL) // base melting temperature
for snow

t_factor(lower:0, upper:5, calib_strategy:INDIVIDUAL) // Temperature factor for snow
melt calculation

r_factor(lower:0, upper:5, calib_strategy:INDIVIDUAL) // Rain factor for snow melt
calculation

g_factor(lower:0, upper:5, calib_strategy:INDIVIDUAL) // Soil heat factor for snow melt
calculation

snowCritDens(lower:0.2, upper:0.8,calib_strategy:INDIVIDUAL) // Snowpack density
beyond which free water is released

snow_trans(lower:0, upper:2.5, calib_strategy:INDIVIDUAL)

snow_trs(lower:-5, upper:0, calib_strategy:INDIVIDUAL)

ccf_factor(lower:0.0001, upper:0.5, calib_strategy:INDIVIDUAL) // Cold content factor
/IsnowFactorA(lower:0.0001, upper:0.2, calib_strategy:INDIVIDUAL)
/lsnowFactorB(lower:0.0001, upper:0.2, calib_strategy:INDIVIDUAL)
/IsnowFactorC(lower:0.0001, upper:0.5, calib_strategy:INDIVIDUAL)
/IsnowDensConst(lower:0.01, upper:1, calib_strategy:INDIVIDUAL)
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objfunc(method:NS, timestep:DAILY, weight: 0.4) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:NSLOG, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:KGE, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
}

step(7){ //soil zone and percolation
max_exec(15000)
of_percentage(0.1)

parameter {

soilMaxInfSummer(lower:0.1, upper:400, calib_strategy:INDIVIDUAL) // Coefficient
used to calculate maximum infiltration in summer, cm/d 2

soilMaxInfWinter(lower:0.1, upper:400, calib_strategy:INDIVIDUAL) // Coefficient
used to calculate maximum infiltration in winter, cm/d 2

soilMaxInfSnow(lower:0.1, upper:400, calib_strategy:INDIVIDUAL) // Coefficient used
to calculate maximum infiltration for snow covered areas, cm/d 2

soilDistMPSLPS(lower:0.1, upper: 10, calib_strategy:INDIVIDUAL) // Coefficient for
distribution of infiltration to the LPS and MPS soil storages, cm/d 10

soilMaxDPS(lower:0, upper:5, calib_strategy:INDIVIDUAL) // Maximum depression
storage capacity, mm
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kf(lower:0.1, upper:2, calib_strategy:INDIVIDUAL, filter_param:"soils\$SID",
subset:"101,201,501,601") // Maximum saturated hydraulic conductivity (cm/d), range: 1 to 9999
2

}
objfunc(method:NS, timestep:DAILY, weight: 0.4) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:NSLOG, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output"”, column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:KGE, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output"”, column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
}

step(8){ //soil zone 1 (FLG)
max_exec(10000)
of_percentage(0.1)
parameter {

kf(lower: 15, upper:400, calib_strategy:INDIVIDUAL, filter_param:"soils\$SID",
subset:"102,103") // Maximum saturated hydraulic conductivity (cm/d), range: 1 to 9999

aircapacity(lower:0.36, upper:0.55, calib_strategy:INDIVIDUAL,
filter_param:"soils\$SID", subset:"101,102,103") // Saturated soil water content, mm or vol.,
depending on initSWC, 1 to 9999
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deadcapacity(lower:0.01, upper:0.1, calib_strategy:INDIVIDUAL,
filter_param:"soils\$SID", subset:"101,102,103")

fieldcapacity(lower:0.14, upper:0.36, calib_strategy:INDIVIDUAL,
filter_param:"soils\$SID", subset:"101,102,103") // 1/3 bar soil water content, amount of soil
moisture or water content held in the soil after excess water has drained away and the rate of
downward movement has decreased

depth(lower:20, upper:80, calib_strategy:INDIVIDUAL, filter_param:"soils\$SID",
subset:"102,103") // soil depth

}
objfunc(method:NS, timestep:DAILY, weight: 0.4) {
simulated(file:"Outlet.csv", table:"output"”, column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:NSLOG, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:KGE, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
}

step(9){ //soil zone 2 (DNG)
max_exec(10000)
of_percentage(0.1)

parameter {
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kf(lower:10, upper:400, calib_strategy:INDIVIDUAL, filter_param:"soils\$SID",
subset:"202,203") // Maximum saturated hydraulic conductivity (cm/d), range: 1 to 9999

aircapacity(lower:0.36, upper:0.55, calib_strategy:INDIVIDUAL,
filter_param:"soils\$SID", subset:"201,202,203") // Saturated soil water content, mm or vol.,
depending on initSWC, 1 to 9999

deadcapacity(lower:0.01, upper:0.1, calib_strategy:INDIVIDUAL,
filter_param:"soils\$SID", subset:"201,202,203")

fieldcapacity(lower:0.14, upper:0.36, calib_strategy:INDIVIDUAL,
filter_param:"soils\$SID", subset:"201,202,203") // 1/3 bar soil water content, amount of soil
moisture or water content held in the soil after excess water has drained away and the rate of
downward movement has decreased

depth(lower:20, upper:60, calib_strategy:INDIVIDUAL, filter_param:"soils\$SID",
subset:"202") // soil depth

}
objfunc(method:NS, timestep:DAILY, weight: 0.4) {
simulated(file:"Outlet.csv", table:"output"”, column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:NSLOG, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:KGE, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output"”, column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
}

step(10){ //soil zone 5 (CMF)
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max_exec(10000)
of_percentage(0.1)
parameter {

kf(lower:8, upper:400, calib_strategy:INDIVIDUAL, filter_param:"soils\$SID",
subset:"502,503,504") // Maximum saturated hydraulic conductivity (cm/d), range: 1 to 9999

aircapacity(lower:0.36, upper:0.55, calib_strategy:INDIVIDUAL,
filter_param:"soils\$SID", subset:"501,502,503,504") // Saturated soil water content, mm or vol.,
depending on initSWC, 1 to 9999

deadcapacity(lower:0.01, upper:0.1, calib_strategy:INDIVIDUAL,
filter_param:"soils\$SID", subset:"501,502,503,504")

fieldcapacity(lower:0.14, upper:0.36, calib_strategy:INDIVIDUAL,
filter_param:"soils\$SID", subset:"501,502,503,504") // 1/3 bar soil water content, amount of soil
moisture or water content held in the soil after excess water has drained away and the rate of
downward movement has decreased

depth(lower:20, upper:60, calib_strategy:INDIVIDUAL, filter_param:"soils\$SID",
subset:"503") // soil depth

}
objfunc(method:NS, timestep:DAILY, weight: 0.4) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:NSLOG, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:KGE, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
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step(11){ //soil zone 6 (Dag)
max_exec(10000)
of_percentage(0.1)
parameter {

kf(lower:15, upper:400, calib_strategy:INDIVIDUAL, filter_param:"soils\$SID",
subset:"602,603") // Maximum saturated hydraulic conductivity (cm/d), range: 1 to 9999

aircapacity(lower:0.36, upper:0.55, calib_strategy:INDIVIDUAL,
filter_param:"soils\$SID", subset:"601,602,603") // Saturated soil water content, mm or vol.,
depending on initSWC, 1 to 9999

deadcapacity(lower:0.01, upper:0.1, calib_strategy:INDIVIDUAL,
filter_param:"soils\$SID", subset:"601,602,603")

fieldcapacity(lower:0.14, upper:0.36, calib_strategy:INDIVIDUAL,
filter_param:"soils\$SID", subset:"601,602,603") // 1/3 bar soil water content, amount of soil
moisture or water content held in the soil after excess water has drained away and the rate of
downward movement has decreased

depth(lower:20, upper:60, calib_strategy:INDIVIDUAL, filter_param:"soils\$SID",
subset:"602") // soil depth

}
objfunc(method:NS, timestep:DAILY, weight: 0.4) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:NSLOG, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:KGE, timestep:DAILY, weight: 0.3) {

simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")
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observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
}

step(12){
max_exec(20000)
of_percentage(0.1)
parameter {
lagInterflow(lower:1, upper:2, calib_strategy:INDIVIDUAL)

soilOutLPS(lower:0.1, upper:3, calib_strategy:INDIVIDUAL) // Coefficient for
definition of LPS outflow, unitless

soilLatVertLPS(lower:0.01, upper:7, calib_strategy:INDIVIDUAL) // Coefficient for
distribution of the LPS outflow on the lateral (interflow) and vertical (percolation) component,
unitless *changed lower from 0.5 to 0.001

kdiff_layer(lower:5, upper:80, calib_strategy:INDIVIDUAL) // Coefficient used to
calculate water flux between soil layers

soilDiffMPSLPS(lower:0.1, upper:10, calib_strategy:INDIVIDUAL) // Coefficient for
the definition of the diffusion amount of the LPS storage in relation to MPS at the end of a time
s, unitless

/IsoilMaxPerc(lower:1, upper:5, calib_strategy:INDIVIDUAL) // Maximum percolation
rate through a soil layer

gwCapRise(lower:0, upper:1, calib_strategy:INDIVIDUAL) // Capillary rise coefficient

gwRGI1Fact(lower:1, upper:20, calib_strategy:INDIVIDUAL) // RG1 (shallow
groundwater storage) outflow coefficient

gwRG2Fact(lower:1, upper:80, calib_strategy:INDIVIDUAL) // RG2 (deep groundwater
storage) outflow coefficient

gwRGI1RG2dist(lower:0.1, upper:0.9, calib_strategy:INDIVIDUAL) // RG1 to RG2
gradient (distribution) coefficient

geoMaxPerc(lower:0, upper:1, calib_strategy:INDIVIDUAL) // Maximum percolation
rate to groundwater
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}
objfunc(method:NS, timestep:DAILY, weight: 0.4) {

simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:NSLOG, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:KGE, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output"”, column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
}

step(13){ //Surface Runoff
max_exec(5000)
of_percentage(0.1)
parameter {

flowRouteTA(lower:0.01, upper:1000, calib_strategy:INDIVIDUAL) // flood routing
coefficient

lagSurfaceRunoff(lower:1, upper:2, calib_strategy:INDIVIDUAL)
//Ksink(lower:0.01, upper:80, calib_strategy:INDIVIDUAL)

}

objfunc(method:NS, timestep:DAILY, weight: 0.4) {

simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")
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observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:NSLOG, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output", column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
objfunc(method:KGE, timestep:DAILY, weight: 0.3) {
simulated(file:"Outlet.csv", table:"output"”, column:"catchmentSimRunoff")

observed(file:"$data/orun_Devils_Canyon_Creek_nozeroflow.csv",
table:"observed",column:"orun[1]")

}
}
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