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Examining the effect of moisture thresholds on post-fire water- 
repellent soil: a large-scale modelling approach applied to the 
Upper Arroyo Seco watershed, California, USA 
Nawa Raj PradhanA,* and Ian FloydA  

ABSTRACT 

Background. Post-fire studies show that water repellency is limited by moisture conditions, but 
no existing study has examined this limiting effect at a watershed scale. Aims. This study aimed 
to identify the soil moisture threshold value at which wildfire-induced hydrophobic condition 
transitions back to hydrophilic condition at a watershed scale. Methods. The effect of moisture 
thresholds on post-fire water-repellent soil and hydrological variables including infiltration, runoff 
volume and peak flow are examined, using the post-wildfire hydrological model of the upper 
Arroyo Seco watershed, California, following the August 2009 Station Fire. Key results. As the 
moisture threshold value increased from wilting point towards field capacity, the wildfire’s 
impact on runoff was greatest near the wilting point, and decreased sharply as the threshold 
increased. The percentage error in peak flow exponentially decreased as the moisture threshold 
increased and the corresponding Nash–Sutcliffe efficiency increased. Soil moisture threshold 
values >0.2 m3/m3 were significantly less sensitive to Nash–Sutcliffe efficiency, infiltration depth 
and percentage error in peak flow and runoff volume. Conclusion. At the soil moisture threshold 
value of 0.25 m3/m3, transition from hydrophobic to hydrophilic conditions occurred. 
Identification of this watershed-scale soil moisture threshold value allows inclusion of the 
wildfire-induced hydrophobic transition back to hydrophilic condition in post-fire hydrological 
modelling of watersheds.  

Keywords: burn severity condition, hydrological modelling, hydrophobic to hydrophilic condition, 
pre-fire and post-fire, SERVES soil moisture estimation, watershed scale, wildfire impacts, 
wildfire-induced soil hydraulic factors (WISH factors). 

Introduction 

Studies suggest that worldwide, wildfires are increasing in severity and frequency 
(Conard et al. 2002; Jolly et al. 2015; Bowman et al. 2017; Bondur et al. 2020; Brando 
et al. 2020; Nolan et al. 2020), which can be attributed to human-induced changes 
leading to climate extremes (Westerling et al. 2011; Adams 2013; Calkin et al. 2015;  
North et al. 2015; Abatzoglou and Williams 2016; Williams et al. 2019; Halofsky et al. 
2020). Wildfires affect the hydro-physical properties of soil (Shakesby and Doerr 2006;  
Santi and Rengers 2020), including increased soil water repellency and decreased soil 
hydraulic conductivity, resulting in reduced infiltration and groundwater recharge 
(Imeson et al. 1992; Cerdà 1998; Certini 2005) and increased runoff (Bixby et al. 
2015; Dahm et al. 2015). In vegetated soils, hydraulic conductivity is reduced by over 
90%, compared with an unburned location. This can be attributed to an increase in 
combustion of organic matter and the sealing of soil matrix macro pores (Robichaud 
2000; Blake et al. 2010; Neary 2011). Fire may also alter other physical properties of the 
soil, such as soil structure, texture, porosity and wilting point (Agbeshie et al. 2022). 
Furthermore, wildfires lead to a decrease in flood attenuation capacity through the 
removal of riparian vegetation (Benda et al. 2003), increased snow ablation (Harpold 
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et al. 2012), and higher occurrence of landslides and debris 
flows (Foster et al. 1998; Huffman et al. 2001). This shows 
that wildfire impacts cascade through hydrological and geo
morphological processes across different spatiotemporal 
scales (Robinne et al. 2018). Therefore, understanding the 
consequences of wildfires on hydrology necessitates under
standing post-fire hydrological processes at relevant scales. 
Integrating the post-fire hydrological and geomorphological 
data obtained from remote sensing techniques into a 
process-based hydrological model enhances our understand
ing of wildfire effects and can aid post-wildfire mitigation 
(Miller et al. 2015). 

Controlled laboratory and field measurements suggest 
that the effects of fire on soil water repellency and reduced 
infiltration decrease with increasing soil moisture content 
(MacDonald and Huffman 2004). Water repellency (hydro
phobicity) in soils is primarily caused by hydrophobic, long- 
chained organic molecules that are released from decom
posing or burning plant litter (Doerr et al. 2000). Soil water 
repellency is known to be most pronounced when the soil is 
dry and non-repellent (hydrophilic) when the soil is moist 
(Doerr and Thomas 2000). Several post-fire hydrological 
studies at a watershed scale consider soil water repellency 
and reduced infiltration (Rengers et al. 2016; McGuire et al. 
2018; Rengers et al. 2019; Zema 2021). There are also 
studies that account for the detrimental effect of soil mois
ture on post-fire hydrological modelling at a watershed scale 
(Rengers et al. 2016; Rengers et al. 2019; Hoch et al. 2021). 
The initial soil moisture content affects the initial severity of 
the water repellent condition (DeBano 2000). In a post-fire 
scenario, the reduction of infiltration and water repellency 
is less pronounced when the initial soil moisture content is 
higher (Doerr and Thomas 2000; MacDonald and Huffman 
2004; Rengers et al. 2016, 2019). It is important to note that 
soil moisture exhibits significant variation throughout a 
watershed, rather than being uniform (Western and 
Grayson 1998; Pradhan and Ogden 2010; Dorigo et al. 
2021). Therefore, to relate post-fire soil water repellency 
and infiltration reduction to increasing soil moisture content 
in a distributed hydrological model at the watershed scale 
requires incorporating a distributed initial state of soil mois
ture. To study the transition from hydrophobic to hydro
philic condition, a distributed initial soil moisture condition 
has not been estimated or applied at a grid resolution in a 
distributed watershed-scale hydrological model. Moreover, 
in a distributed hydrological model, discrepancy in the grid 
scale between the hydrological model development and the 
input resolution of the initial soil moisture state results in 
inconsistent outputs from the hydrological model (Pradhan 
et al. 2020). The present study addresses these scale issues 
by using a distributed initial soil moisture content derived 
from satellite imagery to run the post-fire distributed hydro
logical model used for quantifying the soil moisture thresh
old value representing the transition from hydrophobic to 
hydrophilic conditions. 

Although there are several studies that shed light on the 
transition from hydrophobic to hydrophilic conditions 
(Rengers et al. 2020; Liu et al. 2021; Thomas et al. 2021), 
only a few studies have attempted to specifically identify the 
value of this soil moisture threshold (Dekker and Ritsema 
1995; Doerr and Thomas 2000; Huffman et al. 2001;  
MacDonald and Huffman 2004). These studies suggest a 
wide range at which the soil moisture threshold transitions 
from hydrophobic to hydrophilic conditions (Dekker and 
Ritsema 1996; De Jonge et al. 1999; Doerr and Thomas 
2000). Scarcity of data, especially in areas burned by wildfire, 
limits the ability to suggest a soil moisture threshold for the 
elimination of soil water repellency and the effect on down
stream flow conditions (MacDonald and Huffman 2004;  
Wang et al. 2020). Existing studies on soil moisture thresh
olds are limited to the observations made at a few sites. 
Studying hydrological responses to fire at the watershed 
scale is more complex compared with smaller scales, largely 
owing to the challenges associated with installing and main
taining data observation instruments that could capture the 
spatial heterogeneity of environmental factors. 

This study identifies the soil moisture threshold value for 
the transition from hydrophobic to hydrophilic conditions at 
the watershed scale through the integration of distributed 
initial soil moisture conditions and a distributed post-fire 
hydrological process (Pradhan and Floyd 2021) with the 
physics-based Gridded Surface Sub-surface Hydrological 
Analysis (GSSHA) model (Downer and Ogden 2004;  
Pradhan et al. 2020). Pradhan and Floyd (2021) developed 
the post-fire hydrological model of the Arroyo Seco 
watershed covering 41.7 km2 in Los Angeles County, CA, 
USA. This model introduced reduction and burn severity 
factors as multipliers for soil hydraulic conductivity in the 
soil characteristic curve of the infiltration/runoff-generation 
process. The Arroyo Seco model deployed SERVES (Pradhan 
2019), Soil-moisture Estimation of Root-zone through 
Vegetation-index based Evapotranspiration-fraction and 
Soil-properties, which is a method for estimating distributed 
initial soil moisture conditions based on soil properties and 
vegetation cover under burned and unburned conditions. 
Additionally, the model also adjusts the runoff routing para
meterisation according to the burn severity condition (low, 
medium or high). The hydrological model of the Arroyo 
Seco watershed was deployed to study the critical soil mois
ture threshold for transitioning from a wildfire-induced con
dition of reduced soil infiltration caused by hydrophobicity 
back to a normal condition without this wildfire-induced 
hydrophobicity in the soil. The main purpose of this study is 
to identify the soil moisture threshold value at and above 
which post-fire effects on watershed-scale hydrology 
become insignificant. Identification of this watershed-scale 
soil moisture threshold value allows the inclusion of the 
wildfire-induced hydrophobic condition transition back to 
hydrophilic in post-fire hydrological modelling of a 
watershed. 
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Materials and methods 

This section is organised as follows: Study site, Data, Upper 
Arroyo Seco pre-fire hydrological model, and Upper Arroyo 
Seco post-fire hydrological model. The first two sections 
describe the study area and the data sources for the 
watershed modelling. The third section describes the hydro
logical model in the pre-fire condition and the final section 
describes the hydrological modelling in the post-fire condi
tion. The sub-section in the latter further elaborates on the 
requirements for post-fire hydrological modelling, including: 
(i) post-fire soil moisture conditions, (ii) Wildfire Induced Soil 
Hydraulic factors (WISH factors), and (iii) identification of 
the hydrophobic to hydrophilic soil moisture threshold. 
Detailed descriptions are provided in the following sections. 

Study site 

The Upper Arroyo Seco watershed (Fig. 1) experienced 
extensive burning, with approximately 95% of the area 
impacted by the August 2009 fire event named Station 
Fire. This fire event resulted in a significant increase in 
water repellency and infiltration excess runoff during the 
post-fire rainfall events (Schmidt et al. 2011; Chen et al. 
2013; Liu et al. 2021). This watershed is located in northeast 
Los Angeles County, between the San Gabriel Mountains and 
the Los Angeles River and is a sub-watershed of the Los 
Angeles National Forest. The climate of this region is semi- 
arid Mediterranean (Liu et al. 2021), characterised by long 
dry summers and wet winters, with 95% of the precipitation 
occurring between November and April. This climate, com
bined with factors like extreme precipitation events, 
watershed geology, geomorphology, vegetation and soil 

type make the region prone to wildfires, like other water
sheds in southern CA (Lucas-Borja et al. 2020; Liu et al. 2021;  
Michaelis et al. 2022). The average annual precipitation in 
the watershed ranges from approximately 500 mm at the 
lower elevations to 760 mm at the higher elevations (North 
East Trees and Arroyo Seco Foundation 2002). The outlet of 
the watershed is located at 34°13′20″N and 118°10′36″W, 
resulting in a watershed drainage area of 41.7 km2 (Fig. 1). 

Data 

The GSSHA hydrological model of the study area (Fig. 1) 
was developed from a 30 m digital elevation model 
(obtained from the US Geological Survey (USGS) National 
Elevation Dataset) that was resampled to a grid resolution of 
90 m. The data were downloaded through the National Map 
Viewer (http://nationalmap.gov/viewer.html). 

The Google Earth Pro Imagery (Fisher et al. 2012) at 
34°14′35″N and 118°08′50″W (https://www.google.com/ 
earth/index.html, accessed 1 January 2021) showed that 
the channel width in Fig. 1 varied from 1 m at the starting 
point to 15 m towards the outlet, with an average effective 
width of 5 m. This effective width was used for the channels 
represented as trapezoidal cross-sections. 

A GSSHA model’s parameter values associated with the 
hydrological processes are based on gridded land use and 
soil datasets. Changes to hydrodynamic and geophysical 
processes, along with associated parameter behaviour in a 
post-fire condition, result from the loss of vegetation and 
soil organic matter (Kinoshita and Hogue 2011). Therefore, 
analysing post-fire hydrology requires considering changes 
in land cover and the conditions of the burned soil. The burn 
severity map (Fig. 2) was generated using the Burned Area 
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Fig. 1. Upper Arroyo Seco watershed.   
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Reflectance Classification (BARC) method, which cate
gorises areas into high, moderate or low burn severity or 
unburned based on the relationship between near- and mid- 
infrared reflectance values derived from satellite imagery 
(Parson et al. 2010). The burn severity map (https://www. 
mtbs.gov/viewer/index.html?region=all, accessed 1 January 
2021) shows that 95% of this study area was affected by the 
Station Fire of August 2009; 18% experienced the low-burn 
severity condition, 42% the medium-burn severity condition 
and 35% the high-burn severity condition (Fig. 2). The land- 
use type data (Fig. 3a) was sourced from the National Land 
Cover Database (NLCD), and depict the land cover prior to 
the 2009 wildfire (http://www.mrlc.gov/, accessed 1 
January 2021). Fig. 3b shows the final post-fire land-cover 
map obtained by overlaying Fig. 2 on Fig. 3a. Fig. 3a dem
onstrates that vegetation constitutes 95% of the land use 
type, of which more than 75% is shrub. Therefore, in deriv
ing Fig. 3b, the burn severity condition is defined irrespec
tive of the vegetation type. 

The Natural Resources Conservation Service (NRCS) Soil 
Survey Geographic Database, SSURGO (http://websoilsurvey. 

sc.egov.usda.gov/App/WebSoilSurvey.aspx, accessed 1 January 
2021) was used to identify sandy loam, a coarse-textured 
soil type (Liu et al. 2021), as the dominant soil type within 
the watershed (George and Lewis 1980). Values for the phys
ical properties of the soil, including wilting point and field 
capacity, were obtained from this soil texture dataset using 
pedotransfer functions based on soil parameter values (Rawls 
et al. 1983). The final post-fire soil map (Fig. 4) was obtained 
by overlaying the burn severity map onto the uniform sandy 
loam soil map (Fig. 2). Each soil burn condition in this post- 
fire soil map (Fig. 4) is defined by a unique number, known as 
an index value. An index map is an ASCII file that contains 
index values corresponding to a particular location. This map 
links a soil type with associated soil parameter values in the 
GSSHA numerical simulation process. 

The observed hourly discharge from USGS gauging 
station 11098000 near Pasadena (https://waterdata.usgs. 
gov/nwis/inventory/?site_no=11098000&agency_cd=USGS, 
accessed 1 January 2021) was used for calibration, parame
ter identification and verification of the post-fire watershed 
hydrological model. The hourly precipitation data employed 
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Fig. 2. Burn severity map.  
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in this study were obtained from the Los Angeles County 
Department of Public Works. The rain gauge station 
(Inspiration Pnt Precip’ gauging station) is located at 
34°13′18″N and 118°06′34″W, at an elevation of 1366.7 m 
above sea level (https://www.ladpw.org/wrd/precip/index. 
cfm?Product=alertlist, accessed 1 January 2021). Both pre- 
and post-fire rainfall-runoff events were used in this study. 
The 10-h rainfall-runoff event of 4 January 2008, which 
started at 1:00 pm Pacific Standard Time (PST), was used 
as the pre-fire rainfall-runoff event. The 10-h rainfall-runoff 
event of 27 February 2010, which started at 12:00 am PST, 
was used as the post-fire rainfall-runoff event. 

Upper Arroyo Seco pre-fire hydrological model 

Pradhan and Floyd (2021) developed the Upper Arroyo Seco 
watershed GSSHA hydrological model, incorporating processes 
such as infiltration (Green and Ampt 1911), soil moisture 
accounting (Pradhan et al. 2020), two-dimensional hillslope/ 
overland diffusive wave routing and one-dimensional diffusive 
wave channel routing. To numerically define these processes 
and identify the parameter values, the post-fire infiltration and 
routing process used the burn severity map overlaid on the 
land-use and soil maps shown in Figs 3b and 4, respectively. 
The pre-fire infiltration and routing processes used the land- 
use map in Fig. 3a with a uniform sandy loam soil. The 
infiltration process employed pedotransfer functions defined 
by Rawls et al. (1983) to estimate soil water property parame
ter values for the uniform sandy loam soil, as shown in Table 1. 
In both the pre-fire and post-fire scenarios, the Manning rough
ness parameter values for the two-dimensional hillslope/over
land routing and one-dimensional channel routing were taken 
from the literature (Chow 1959; Engman 1986). The initial 
distributed soil moisture conditions for the pre-fire calibration 
were estimated for the January 2008 event (Fig. 5a) using 
SERVES (Pradhan 2019). 

Upper Arroyo Seco post-fire hydrological model 

Pradhan and Floyd (2021) developed a formulation for post- 
fire conditions by incorporating multiplying factors explicitly 
linked to the wildfire burn severity conditions. These multi
plying factors reduce the hydraulic conductivity from the 
unburned soil condition and are applied in the infiltration 
process unsaturated soil characteristic curve. To limit water 
repellency during wetter post-fire conditions (Rengers et al. 
2016, 2019; McGuire et al. 2018; Zema 2021), a soil moisture 
threshold was introduced into the formulation of the wildfire- 
induced soil hydraulic factor. A distributed initial soil moisture 
level, based on satellite imagery and soil properties formula
tion, was used. In the post-fire routing process, the hydraulic 
Manning roughness at a location in the watershed varies 
according to the burn severity condition (Pradhan and Floyd 
2021). Further details regarding the initial soil moisture con
tent, wildfire-induced soil hydraulic factors and soil moisture 
threshold formulation are discussed in the following sections. 

Post-fire soil moisture condition 

To estimate pre- and post-fire distributed soil moisture condi
tions, SERVES (Pradhan 2019; Pradhan 2023) was used. Fig. 5 
illustrates SERVES estimates of soil moisture for both the pre- 
fire and post-fire conditions. The soil moisture was originally 
estimated at a resolution of 30 m and then resampled to a 
90 m resolution. Fig. 5a, b represents the soil moisture levels 
for January 2008 and 2010, respectively. The soil moisture in 
the pre-fire condition, shown in Fig. 5a, is significantly higher 
than the estimated soil moisture in the post-fire condition 
illustrated in Fig. 5b. This demonstrates the ability of wildfires 
to reduce soil moisture (He et al. 2021). 

SERVES estimates distributed soil moisture globally using a 
vegetation index-based evapotranspiration fraction and soil 
properties at a scale of 30 m grid resolution. The SERVES 
method is computationally straightforward and employs widely 
available web-based digital data (i.e. vegetation indexes from 
the joint NASA and USGS Landsat program (https://espa.cr. 
usgs.gov/index/, accessed 1 January 2021) and soil properties 
from the SSURGO database. The SERVES method/model suc
cessfully estimated the effective root zone soil moisture at 
several locations in the arid and semi-arid regions of United 
States, specifically in Idaho, Montana and Wyoming (Pradhan 
2019). The climate of the Arroyo Seco watershed is also con
sidered semi-arid, characterised by long, hot and dry summers. 

In the SERVES method, the relationship between refer
ence evapotranspiration fraction, ETrf, and soil moisture is 
defined as (Pradhan 2019): 

= ET ( ) +i i i i irf fc wp wp (1)  

where θ is soil moisture content, θfc is field capacity soil 
moisture content, θwp is wilting point soil moisture content, 
and i is any spatial location, grid or Triangular Irregular 
Networks (TIN) address, for a numerical model. 

Table 1. Pre-fire hydrologic model parameter values.      

Soil infiltration parameter 
value for sandy loam 

Manning roughness value for 
land-use types 

Soil physical 
property 

Value Land cover type and 
condition 

Value 
(s/m1/3)   

Saturated hydraulic 
conductivity (cm/h) 

0.81 Woody wetland 0.14 

Capillary head (cm) 11.0 Developed open space 0.15 

Porosity (m3/m3) 0.41 Developed low intensity 0.15 

Pore distribution index 
(cm/cm) 

0.37 Barren land 0.20 

Residual point (m3/m3) 0.04 Evergreen forest 0.45 

Field capacity (m3/m3) 0.2 Mixed forest 0.45 

Wilting point (m3/m) 0.09 Shrub 0.44 

Grassland 0.43   
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From the parametric uncertainty analysis of the linear 
deterministic relationships between ETrf and the normalized 
difference vegetation index (NDVI), the likelihood function 
of evapotranspiration fraction inversion through NDVI is 
defined as (Pradhan 2019): 

ET = 1.33NDVI 0.049rf (2)  

Eqn 2 considers the change in the evapotranspiration frac
tion, ETrf, in a post-fire condition. ETrf is significantly 
reduced in areas with a burned-out canopy, indicating a 
dried-out environment under these burned conditions. The 
SERVES estimated soil moisture was used as an initial con
dition in the GSSHA runs. The GSSHA model was deployed 
to drive physics-based distributed watershed hydrological 
simulations of rainfall and runoff events. 

Wildfire-induced soil hydraulic factors, WISH factors 

To account for the relationship between burn severity and 
the corresponding reduction in soil hydraulic conductivity,  
Pradhan and Floyd (2021) developed a formulation for post- 
fire conditions that includes multiplying factors to reduce 
the hydraulic conductivity in the unburned condition. These 
multiplying factors are: (1) the reduction factor of hydraulic 
conductivity under extreme burn conditions, and (2) the 
burn severity factor. By multiplying these factors with the 
vadose zone unburned soil hydraulic conductivity soil char
acteristic curve, the resulting soil hydraulic conductivity for 
burned conditions can be obtained: 

K K= RF × BDF ×burned k unburned (3)  

where Kburned is the hydraulic conductivity of the soil under 
burned conditions, Kunburned is the soil hydraulic conductiv
ity under unburned conditions, Kburned ≤ Kunburned, BDF is 
the burn degree factor, and RFk is the reduction factor of 
hydraulic conductivity under high burn severity conditions. 

The burn severity map (Fig. 2) is used to define BDF in  
Eqn 3. BDF serves as a calibration parameter, with values of 
1, 2 and 3 assigned to high, medium and low burn severity 
cases in the study watershed, respectively (Pradhan and 
Floyd 2021). RFk refers to the maximum reduction of soil 

hydraulic conductivity under the high burn BARC classifica
tion, and through calibration, Pradhan and Floyd (2021) 
found this value to be 0.1. RFk = 0.1 indicates a maximum 
reduction of 90% in soil hydraulic conductivity under high 
burn severity conditions, which aligns with the findings of  
Blake et al. (2010). Further research on the reduction of soil 
hydraulic conductivity for different soil types under severely 
burned conditions (Blake et al. 2010) would aid in identify
ing the RFk as the maximum reduction factor of the hydrau
lic conductivity for a soil type. Just as actual soil moisture 
cannot exceed a soil’s porosity, the actual soil hydraulic 
conductivity reduction factor cannot exceed RFk. The actual 
dynamic soil hydraulic conductivity reduction factor is both 
space- and time-dependent as follows:  

(a) The space-dependent actual reduction factor of the soil 
hydraulic conductivity is determined by multiplying the 
maximum soil hydraulic conductivity reduction factor 
(RFk) and the burned degree factor (BDF), shown in Eqn 
3, for a particular spatial location. 

(b) The time-dependent actual dynamic soil hydraulic con
ductivity reduction factor is obtained by multiplying the 
maximum soil hydraulic conductivity reduction factor 
(RFk) and the dynamic burned degree factor (BDF). The 
dynamic BDF can be obtained from the temporal 
changes in the burn severity condition, which occur 
during the watershed recovery stage. As this study 
focuses on rainfall event-based simulations rather than 
long-term simulations, the BDF remains constant at a 
particular location throughout this rainfall-runoff 
simulation. 

These two points demonstrate the explicit link between the 
reduction factor formulation introduced by Pradhan and 
Floyd (2021) and the spatial and temporal aspects of post- 
fire physical properties, soil type and burn severity. 

The unsaturated soil hydraulic conductivity (Kunsaturated) 
in Eqn 3 is defined as (Brooks and Corey 1964): 

i
k
jjjj

y
{
zzzzK K=unsaturated burned

r

s r

3+2/
(4) 

(a) Pre-fire soil moisture (b) Post-fire soil moisture

Volumetric soil moisture content (cm3/cm3)

0.090 –0.130
0.130–0.151  
0.151–0.168  
0.168–0.184
0.184–0.201
0.201–0.220
0.220–0.250

Fig. 5. SERVES estimated (a) pre-fire (January 2008), and (b) post-fire (January 2010) soil moisture condition.   
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where θ is water content of the soil, θs is saturated water 
content of the soil, θr is residual water content of the soil, λ 
is soil distribution index. 

The watershed soil and burn severity maps are combined 
to show the spatial location of burned soil. Eqn 3 is used per 
the combined soil and burn severity map. 

Hydrophobic to hydrophilic soil moisture threshold 
identification 

Initial soil moisture condition in this study is based on the 
SERVES estimated fine-resolution distributed soil moisture 
conditions. The model soil moisture condition is processed 
from this initial condition during the simulation runs. The soil 
moisture threshold values were selected in this study to limit 
the effects of wildfires on hydrology during the model run as: 

K K
K K

= RF × BDF × if <
= if >

i

i

burned k unburned t

burned unburned t
(5)  

where θt is the soil moisture threshold value. 
To identify a consistent value of θt at watershed scales, 

model runs were performed with increasing θt values from 
wilting point. For each model simulation, the percentage 
error in peak flow and runoff volume (Wałęga 2016) and 
Nash–Sutcliffe efficiency were estimated. 

Results and discussion 

The simulated results from the watershed model and the 
analysis of these results are presented as follows: pre-fire 
hydrological calibrated model results; post-fire hydrological 

model results with soil moisture threshold; model sensitivity 
to varying soil moisture threshold values in the post-fire 
calibration event; and model sensitivity to varying soil mois
ture threshold values in the post-fire validation event. The 
post-fire hydrological model is built on the pre-fire hydro
logical model, incorporating the changes in the land-use 
type and soil map due to burned conditions. Therefore, it 
is crucial to have a well-calibrated pre-fire hydrological 
model. Simulated runoff from the pre-fire calibrated hydro
logical model is compared with the pre-fire calibrated 
hydrological model with added post-fire hydrological pro
cesses for a post-fire rainfall event. Finally, the effect of 
moisture thresholds on post-fire water-repellent soil is 
examined through a sensitivity analysis of the post-fire 
model results to varying soil moisture threshold values in 
the post-fire calibration and validation events. Through this 
analysis, a soil moisture threshold value for the post-fire 
watershed hydrological model was identified. Results and 
discussion are further extended in the sections: ‘Physical 
basis of the wildfire-induced soil hydraulic factors formula
tion and the soil moisture threshold in post-fire watershed 
hydrological modelling’, ‘Process dominance in the post-fire 
runoff simulation’ and ‘Vegetation interception’. 

Pre-fire calibrated hydrological model results 

Table 1 presents all model parameter values for the pre-fire 
rainfall event. The parameter values, with the exception of 
saturated hydraulic conductivity, are identified as discussed 
in the section ‘Upper Arroyo Seco pre-fire hydrological 
model’. The value for saturated hydraulic conductivity 
resulted from calibration. The Nash–Sutcliffe efficiency of 
this pre-fire hydrologic model, as shown in Fig. 6a, is 88%. 
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Fig. 6. (a) the pre-fire hydrological model calibrated on the rainfall event of 4 January 2008, and (b) the post-fire hydrological 
model developed based on the rainfall event of 27 February 2010.   
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Post-fire hydrological model results with soil 
moisture threshold 

The pre-fire calibrated hydrological model was used to build 
the post-fire hydrological model, incorporating the changes 
in land-use type and soil resulting from burned conditions. 
In the post-fire hydrological model development, the rough
ness values in the routing process were changed according 
to the burned conditions shown in Table 2. Eqn 5 was used 
to incorporate the reduction in infiltration caused by wild
fires into the post-fire hydrological model. 

The multiplying factors in Eqn 5 were applied to the pre- 
fire soil hydraulic conductivity, as shown in Table 1. A soil 
moisture threshold of 0.25 m3/m3 was used as a constraint 
in Eqn 5. The Nash–Sutcliffe efficiency for this post-fire 
hydrologic model, shown in Fig. 6b, is 97%. Applying the 
pre-fire calibrated Arroyo Seco model directly to this post- 
fire rainfall event produced no simulated runoff. This pre- 
fire calibrated model is meant for hydrophilic conditions 
where wildfire-induced water repellency is absent. Several 
studies following the Station Fire in the San Gabriel 
Mountains suggest that the dominant runoff in the region 
is infiltration excess overland flow. Therefore, the transition 
from hydrophobic to hydrophilic conditions in the current 
study aims to eliminate soil water repellency due to 
increased soil moisture level. This transition does not 
imply a shift in the dominant runoff generation mechanism 
of the watershed from infiltration excess (Schmidt et al. 
2011; Chen et al. 2013; Liu et al. 2021) to saturation excess 
during post-fire rainfall events. 

Bayad et al. (2020) show a decreased persistence of soil 
water repellency (SWR) from the point scale test of water 
drop penetration time (WDPT) as a function of water con
tent (θ). Their observations indicate that increasing soil 
moisture results in a decrease in WDPT, with WDPT reach
ing a very low value for the majority of tested soil types 
above a soil moisture content of 0.2 m3/m3. Based on these 
findings by Bayad et al. (2020), the present study considered 
a soil moisture threshold of 0.25 m3/m3 as the transition 
point from hydrophobic to hydrophilic conditions. 

Table 2 shows the burned degree factor values for Eqn 5, 
as identified by Pradhan and Floyd (2021). In their study, 
these identified BDF values are considered constant for the 
watershed. A possible future research area could include 

testing and verifying whether the BDF values identified in  
Table 2 apply to other burned watersheds. 

By deploying Eqn 5 with a soil moisture threshold con
straint of 0.25 m3/m3 and a pre-fire calibrated soil saturated 
hydraulic conductivity of 0.18 cm h−1 (Table 1), RFk was 
used as a calibration factor. Table 2 displays the calibrated 
RFk value of 0.1, which aligns with the value identified by  
Pradhan and Floyd (2021) but with a higher Nash–Sutcliffe 
efficiency of 97% (Fig. 6b). Therefore, the application of the 
soil moisture threshold constraint in Eqn 5 produced an 
optimised simulation result with higher efficiency. The 
value of RFk = 0.1 signifies that the maximum reduction 
in soil hydraulic conductivity is 90% compared with the 
pre-fire soil hydraulic conductivity, which is in agreement 
with the findings of Blake et al. (2010). 

Model sensitivity to varying soil moisture 
threshold values in the post-fire calibration event 

The post-fire calibrated model run was executed by individ
ually setting the soil moisture threshold in Eqn 5 to values of 
0.11–0.41 m3/m3 (porosity) at an interval of 0.02 m3/m3. 
This analysis, referred to as a soil moisture sensitivity anal
ysis for identifying the transition from hydrophobic to 
hydrophilic conditions, examined the impact of changing 
the soil moisture threshold value. The results were analysed 
based on: (a) simulated infiltration, and (b) simulated 
hydrograph. 
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Fig. 7. Infiltration sensitivity to soil moisture threshold values. 
Infiltration is total catchment cumulative infiltration of 9 h at the 
end of the simulation of 27 February 2010 rainfall event.  

Table 2. Post-fire hydrologic model parameter values      

Burned 
condition 

Infiltration process Routing process 

Hydraulic conductivity 
reduction factor (RFk) 

Burned degree 
factor (BDF) 

Manning roughness 
value (s/m1/3)   

High 0.1 1 0.15 

Medium 0.1 2 0.18 

Low 0.1 3 0.2 

No burn – – As per  Table 1   
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Infiltration analysis 
The total catchment infiltration at the end of the rainfall 

event simulation was examined for different soil moisture 
threshold values used in Eqn 5 (Fig. 7). The catchment’s 
total infiltration is highest for the soil moisture threshold 
value near the wilting point. This high sensitivity of infiltra
tion to a low soil moisture threshold value is reduced at 
higher values. Above the soil moisture threshold value of 
0.21 m3/m3, the sensitivity of infiltration to changes in the 
soil moisture threshold becomes almost negligible (Fig. 7). 
We also examined the grid-based distributed cumulative 
infiltration at the end of the simulation for different soil 
moisture threshold values. The watershed hydrological 
model consists of 5124 90 m grids within the watershed. 
The cumulative infiltration in each grid for different soil 
moisture threshold values is presented in Fig. 8. At a soil 
moisture threshold value of 0.11 m3/m3, all of the grids in 
the watershed had cumulative infiltration values greater 
than 0.0314 m. This results from not considering the post- 
fire reduction in hydraulic conductivity above the soil mois
ture threshold value of 0.11 m3/m3. As the soil moisture 
threshold value gradually increased, the filtered-out lower 

cumulative infiltration values began to appear. Over the 
threshold value of 0.2 m3/m3, the distribution of cumulative 
infiltration values was consistent. Observations by Bayad 
et al. (2020) also showed that an increase in soil moisture 
decreased the WDPT (decreased water repellency and 
increased infiltration). For the majority tested soil types, 
WDPT decreased to a very low value, just above the soil 
moisture content of 0.2 m3/m3. 

Hydrograph analysis 
When the model was adjusted with different soil moisture 

thresholds, the resulting simulated hydrographs with values 
above the threshold of 0.2 m3/m3 were closer to the 
observed hydrograph and to one another compared with 
the simulated hydrographs with threshold values lower 
than 0.2 m3/m3 (Fig. 9a). The percentage error in runoff 
volume decreased from 99 to 3% when the soil moisture 
threshold was increased from 0.11 to 0.2 m3/m3 and 
remained consistent for soil moisture thresholds above 
0.2 m3/m3. The Nash–Sutcliffe efficiency steeply increased 
to the highest level when the soil moisture threshold was 
increased from 0.11 to 0.2 m3/m3 and remained consistent 

(a) SMT = 0.11 m3/m3 (b) SMT = 0.13 m3/m3 (c) SMT = 0.15 m3/m3

(d) SMT = 0.17 m3/m3 (e) SMT = 0.19 m3/m3

(g) SMT = 0.23 m3/m3 (h) SMT = 0.25 m3/m3

Cumulative infiltrated depth (m)

0.0193–0.0244

0.0244–0.0314

0.0314–0.0365

0.0365–0.0484

0.0484–0.0764

(f ) SMT = 0.21 m3/m3

Fig. 8. Grid-based distributed cumulative infiltration at the end of the simulation of the 27 February 2010 rainfall event for (a-h) 
different Soil Moisture Threshold (SMT), θt, values.    
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for soil moisture thresholds above 0.2 m3/m3 (Fig. 10a). The 
percentage error in peak flow decreased exponentially when 
the soil moisture threshold value, θt, was increased from 
0.11 to 0.25 m3/m3 (Fig. 11a). Eqn 6 represents the rela
tionship between the percentage error in peak flow and the 
soil moisture threshold value (0.11–0.25 m3/m3). The peak 
flow error estimated by Eqn 6 has a coefficient of determi
nation (R2) of 0.9873. 

PFE = 1377.9e 23.64 t (6)  

where PFE is peak flow error in percentage. 
When the soil moisture threshold value is set near the 

wilting point, the total infiltration in the catchment is high
est, resulting in the lowest peak flow. This high sensitivity to 
infiltration diminishes when the soil moisture threshold 
values are increased (Figs 7 and 8), causing the peak flow 
error to diminish exponentially (Eqn 6). Moody et al. (2009) 
also showed the exponential decay behaviour of soil hydrau
lic properties, like sorptivity, after a fire. They observed this 

exponential decay as a function of the initial soil moisture 
content. 

Model sensitivity to varying soil moisture 
threshold values in the post-fire validation event 

The soil moisture threshold analysis conducted above for the 
post-fire rainfall event of 27 February 2010 was also repli
cated for the post-fire rainfall event of 18 January 2010 in 
the watershed. The main purpose of repeating this analysis 
for another post-fire event was to validate the consistency of 
the soil moisture threshold analysis across multiple post-fire 
events within the same watershed. The same multiplying 
factors specified in Eqn 5 (values shown in Table 2) were 
used in this event, along with the same post-fire hydrologi
cal parameter values. 

An analysis of the simulated hydrograph with different soil 
moisture thresholds is shown in Fig. 9b. The simulated hydro
graphs above the soil moisture threshold of 0.2 m3/m3 are 
close to the observed hydrograph and to one another. 
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However, this is not the case for simulated hydrographs at soil 
moisture threshold values lower than 0.2 m3/m3 (Fig. 9b). This 
analysis aligns with the simulated results and analysis pre
sented in Fig. 9a. When the soil moisture threshold was 
increased from 0.11 to 0.2 m3/m3, the Nash–Sutcliffe effi
ciency also increased from −14 to 82% and remained consist
ent for soil moisture thresholds above 0.2 m3/m3 (Fig. 10b), 
which is consistent with the conclusions drawn from Fig. 10a. 
Under the same conditions, the percentage error in runoff 
volume (Fig. 12) decreased from 95 to 14% and remained 
consistent for soil moisture thresholds above 0.2 m3/m3. 

The peak flow error (Fig. 11b) for the corresponding 
simulated hydrograph of the 18 January 2010 rainfall 
event at different soil moisture threshold values shows a 
similar trend of decrease as shown in Fig. 11a for the post- 
fire rainfall event of 27 February 2010. 

Physical basis of the wildfire-induced soil hydraulic 
factors formulation and the soil moisture threshold 
in post-fire watershed hydrological modelling 

The exponential decay in the peak flow error (Eqn 6 and  
Fig. 11a) and the steep increase in the quality of the simu
lated hydrograph (Fig. 10a) show that a wildfire’s effect on 
post-fire runoff generation is most pronounced at or below 
the wilting point. This effect diminishes as the soil moisture 
content increases and finally stabilises above a soil moisture 
content (soil moisture content threshold value in Eqn 5) of 
0.2 m3/m3 (Figs 10a and 11a). Figs 10a and 11a, obtained 
from the post-fire rainfall event of 27 February 2010, show 
consistent results with the post-fire rainfall event of 18 
January 2010 (Figs 10b and 11b). Figs 7, 8, 9a, 10a and  
11a (rainfall event of 27 February 2010) and Figs 9b, 10b,  
11b and 12 (rainfall event of 18 January 2010) demonstrate 
that the change in the hydrological output from 0.2 m3/m3 

soil moisture threshold to 0.25 m3/m3 is significantly low. 
Therefore, a soil moisture content of 0.25 m3/m3 is consid
ered the threshold above which the effect of a wildfire on 
soil infiltration becomes negligible. The justification for 
initially using and recommending the soil moisture thresh
old value of 0.25 m3/m3 is as follows:  

a. Bayad et al. (2020) observed that an increase in soil 
moisture led to a decrease in the WDPT. For the majority 

of their tested soil types, WDPT decreased to a very low 
value above a soil moisture content of 0.2 m3/m3.  

b. Similar soil moisture threshold values for severely 
burned locations have been reported by Huffman et al. 
(2001) and MacDonald and Huffman (2004).  

c. The results of the present study (Figs 7–12) show that the 
change in hydrological output from a soil moisture 
threshold of 0.2–0.25 m3/m3 is significantly small. 
Therefore, this study at a watershed scale agrees with 
the observations made by Bayad et al. (2020). 

d. By employing Eqn 5 with a soil moisture threshold con
straint of 0.25 m3/m3 and a pre-fire calibrated saturated 
soil hydraulic conductivity of 0.18 cm h−1 (Table 1), RFk 
was used as a calibration factor in setting up the post-fire 
hydrological model. At 97% Nash–Sutcliffe efficiency, 
the calibrated RFk was found to be 0.1. An RFk value of 
0.1 indicates a maximum soil hydraulic conductivity 
reduction of 90% from pre-fire soil hydraulic conductiv
ity, which agrees with the findings of Blake et al. (2010). 

This study incorporated the soil moisture threshold in the 
post-fire hydrological model and conducted a detailed anal
ysis of the threshold value based on the model results. This 
analysis included references to onsite observations made at 
point scales (Bayad et al. 2020) to justify and verify the 
application of the threshold value at a watershed scale. 

In the same watershed study region, a recent post-fire 
watershed hydrological model developed by Wang et al. 
(2020) recommends a reduced saturation hydraulic conduc
tivity value in post-fire hydrological conditions. Likewise, 
separate post-fire watershed hydrological modelling con
ducted by Liu et al. (2021) in the Upper Arroyo Seco also 
recommends a reduced saturated hydraulic conductivity 
parameter value in a post-fire condition. Unlike these studies 
(Wang et al. 2020; Liu et al. 2021), the formulation in the 
present study enhances the rate of decrease of soil hydraulic 
conductivity (rather than the saturated soil hydraulic conduc
tivity) in the soil characteristics curve under burned condi
tions and below the soil moisture threshold value. The rate of 
change in soil hydraulic conductivity in the post-fire condi
tion is dependent on RFk and BDF. Like saturated hydraulic 
conductivity, RFk is a physical soil characteristic based on soil 
type (Blake et al. 2010). BDF is the parameter that adjusts RFk 
according to the burn severity map. Over an extended period, 
a watershed impacted by wildfire undergoes a process of 
recovery that also changes the burn severity at a location 
and the burn severity map of the watershed. Therefore, if a 
long-term simulation is set up for a post-wildfire hydrological 
model, it is crucial to consider the dynamic nature of the BDF. 
This demonstrates that the post-fire formulation presented in  
Eqn 5 has a physical basis that is spatially and temporally 
distributed as per the grid-based distributed linkage of RFk, 
BDF and θt to the soil type, burn severity conditions (Fig. 2) 
and soil moisture conditions (Fig. 5) respectively. The section 
‘Wildfire-induced soil hydraulic factors, WISH factors’ also 
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describes the explicit link between the wildfire-induced soil 
hydraulic factors and the spatial and temporal aspects of post- 
fire physical properties, soil type and burn severity. The soil 
moisture condition changes via wetting and drying hydrody
namics in the vadose zone. Likewise, the burn severity condi
tion changes as burn recovery progresses with time. The 
explicit linkage of gridded RFk, BDF and θt with this spatially 
distributed dynamic soil moisture and burn severity condi
tions makes the intensity of the hydrophobicity, which is 
based on the reduction of the hydraulic conductivity in  
Eqn 5, dynamic as well. In this study, there is a two-way 
coupling of the soil hydraulic conductivity reduction state 
simulation capability of the post-fire hydrological process,  
Eqn 5, and the soil moisture physical state accounting of 
the infiltration/runoff generation mathematical formulation 
in the GSSHA hydrology model. A continuous exchange of 
this soil hydraulic conductivity reduction state and the soil 
moisture state information is set at the infiltration time-step 
in the post-fire hydrological model runs. 

Process dominance in the post-fire runoff 
simulation 

In this study watershed, the post-fire process defined by  
Eqn 5 played a dominant role in simulating the post-fire 
hydrograph. For the post-fire rainfall runoff event of 18 
January 2010, the pre-fire calibrated model simulated only 
2% of the observed peak flow. By incorporating the post-fire 
parameter change in the routing process, as shown in the far- 
right column of Table 2 (without the infiltration process shown 
in Table 2), the model simulated only 5% of the observed peak 
flow. With the addition of post-fire parameter change for the 
infiltration process as well, as shown in Table 2, the model 
simulated 90% of the observed peak flow with a Nash–Sutcliffe 
efficiency of 82%. The recent post-fire modelling studies con
ducted by Liu et al.(2021) and Wang et al.(2020) do not 
mention or show such comparative process dominance in 
post-fire hydrological modelling of runoff. 

Vegetation interception 

Although no pre-fire and post-fire results and analysis con
ducted above incorporated vegetation interception of rain
fall, the interception process is significant for both pre-fire 
and post-fire watershed hydrological modelling (Gary 1970;  
Wang et al. 2020; Weltz et al. 2021). Therefore, the signifi
cance of incorporating the vegetation interception process 
in the post-fire condition was compared with the pre-fire 
condition. A simple two-parameter vegetation interception 
process (Gary 1970) was applied in the pre-fire hydrological 
model of the 4 January 2008 rainfall event and the post-fire 
hydrological model of 18 January 2010 rainfall event. 

The interception rate at time t, i(t), is expressed as: 

i t p t I S
i t C p t I S
( ) = ( ) if <
( ) = × ( ) if >

(7) 

where p denotes rainfall intensity at time t, S is the storage 
capacity (mm), C is the interception coefficient (unitless, 
between 0.0 and 1.0), and I is the cumulative interception 
depth. 

S for the pre-fire hydrological model of the 4 January 
2008 rainfall event was 0.18 mm for forest and 0.1 mm for 
shrub and grassland, and I was 11% for forest and 6% for 
shrub and grassland. These parameter values of S and I were 
applied as per Gary (1970), Weltz et al. (2021) and Zhong 
et al. (2022). For the post-fire hydrological model of the 18 
January 2010 rainfall event, 60% lower values of I and S 
(as mentioned by Wang et al. 2020) for all burned locations 
were applied. The simulation results showed that applying 
the vegetation interception process in the pre-fire hydrolog
ical model reduced the peak flow by 40% compared with 
that without it, whereas for the post-fire hydrological 
model, the simulated peak flow decreased by 16% with 
the application of the vegetation interception process. This 
shows that vegetation interception on peak flow reduction is 
61% less in the post-fire event than in the pre-fire event. 

Conclusion 

This study introduces a soil moisture threshold into the 
formulation of wildfire-induced soil hydraulic factors to 
limit the impacts of post-fire water repellency on runoff 
generation. The formulation, including the soil moisture 
threshold, was deployed in the Arroyo Seco GSSHA hydro
logical model, with distributed initial post-fire soil moisture 
content values estimated using the SERVES method. The 
model specifically focuses on post-fire conditions following 
the Station Fire of August 2009, during which 95% of the 
watershed was burned, with 80% of the area experiencing 
medium to severe burn severity. To identify the soil mois
ture threshold value at the watershed scale, this study exam
ined the impact of limiting the post-wildfire effect on the 
infiltration process for several soil moisture states, increas
ing the value from near wilting point to field capacity. The 
major observations and findings of this study are as follows:  

(1) Applying a soil moisture threshold value of 0.11 m3/m3, 
near the wilting point, resulted in a substantial under
estimation of simulated runoff, with a peak flow error of 
95% and a corresponding Nash–Sutcliffe efficiency of 
0.007%. Therefore, the absence of soil water repellency 
and a decreased soil hydraulic conductivity in the 
numerical infiltration process, especially at a lower 
soil moisture state following a wildfire, results in a 
significant underestimation of the simulated runoff.  

(2) When the soil moisture threshold value was increased 
from 0.11 to 0.23 m3/m3, the peak flow error dramati
cally decreased from over 95 to below 14%. The corre
sponding Nash–Sutcliffe efficiency increased from 
below 0.007% to above 81%. These results illustrate 
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that although limiting the wildfire hydrological process 
with a lower soil moisture threshold value has a signifi
cantly large impact on runoff, this impact decreases as 
the soil moisture threshold value increases.  

(3) The Nash–Sutcliffe efficiency, infiltration depth, runoff 
volume and peak flow error displayed significantly less 
sensitivity to soil moisture threshold values above 
0.2 m3/m3. Results from the post-fire hydrological 
model of the Arroyo Seco watershed showed a complete 
transition from hydrophobic to hydrophilic conditions 
at a soil moisture threshold value of 0.25 m3/m3. This 
shows that in a burned watershed, there exists an effec
tive soil moisture threshold value above which soil 
water repellency and decreased soil hydraulic conduc
tivity cease. 

The use of physically based distributed hydrological models 
that can simulate the effect of wildfire on runoff production 
based on soil moisture content is indicated for modelling 
post-wildfire hydrology. Bridging observations, theory and 
numerical simulation is also indicated for a physics-based 
post-fire hydrological model at the watershed scale. The 
results obtained from the Arroyo Seco watershed model 
are based on rainfall events from the wet months immedi
ately following the Station wildfire in southern California, 
which burned 95% of the watershed. The application and 
analysis of this method across watersheds in diverse climatic 
regions, with varying land cover, soil types and burn condi
tions, and at various stages of burn recovery are a subject for 
future research and development. 
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