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Abstract

Wildfires can directly affect public health, the natural environment, and federal and state
budgets. The indirect hydrologic impacts of wildfire, such as flooding and debris flows, can
also be destructive. Despite the importance of the hydrologic impacts of wildfire, especially on
post-fire flood events, their relationship to a wide range of climatological and geophysical
settings is poorly understood. This study examines the post-fire streamflow dynamics of a
number of watersheds across the western United States (US). In this study, we used US
Geological Survey (USGS) annual peak flow and daily mean streamflow; precipitation and
snowmelt from the North American Land Data Assimilation System version 2 (NLDAS-2) and
NLDAS Variable Infiltration Capacity (NLDAS-VIC) simulations, respectively; and the
Monitoring Trends in Burn Severity (MTBS) Project wildfire size and burn severity. We
analyzed: 1) the different seasonalities of wildfire and annual peak flows, as well as the interval
between a wildfire and the first subsequent flood; 2) changes in post-fire annual peak flows
and their corresponding non-exceedance probability; 3) changes in runoff ratios for post-fire
flood events; and 4) the relationship between post-fire flood impacts and the climatological
and geophysical settings of watersheds. These analyses were applied to 714 watersheds across
the western US that experienced at least one wildfire during the 1984-2020 period. The results
show that the interval between a wildfire and the first subsequent flood varies across the
western US, with the longest intervals occurring in high-latitude states, shorter intervals on
the West Coast, and the shortest intervals in the arid Southwest. In general, peak flows during
the first year after a wildfire are statistically significantly larger than pre-fire peak flows. This
pattern is more obvious in smaller watersheds with larger percent burn areas. Consistently,
post-fire runoff ratios were found to be larger than their pre-burn median values for small and
medium watersheds (< 405 km2), especially in arid regions. In addition, the impacts of
wildfire on flood behaviors (e.g., magnitudes and runoff ratios) were found to be minimal four
to five years after wildfires. Finally, the empirical analyses performed in this study further
support the study of wildfire impacts on regional flood frequency analysis.
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1. INTRODUCTION
1.1 Background and Motivation

Wildfire is one of the most devastating natural hazards in the conterminous United States
(CONUS), posing a threat to air quality, infrastructure, lives, and property. According to the
National Interagency Fire Center (NIFC), annual-averaged wildfires in the United States (US)
have burned 6.8 million acres with a suppression cost of $1.8 billion since 2010 (NIFC 2020).
Because of warmer springs and longer and drier summers stemming from anthropogenic
climate change, wildfires have become more frequent and larger in size over the western US
since the 1980s (Westerling et al. 2006). This change in the hydroclimate caused forests in the
western US to become more vulnerable to wildfire, which cannot be effectively mitigated by
land management. This increasing trend in wildfire activity over the western US is projected
to continue in the future as climate change enhances fuel aridity and vapor pressure deficit
(e.g., Abatzoglou and Williams 2016; Jay et al. 2018).

In addition to the direct impacts of wildfires on ecosystems and human communities, wildfires
can the hydrologic processes (e.g., Benavides-Solorio and MacDonald 2001; Cannon et al.
2001; Meyer et al. 2001). It is widely accepted that after a wildfire, water infiltration tends to
decrease, producing both substantial overland flow and debris flows. DeBano et al. (1970)
conducted an experiment to demonstrate that burning organic matter can create a
hydrophobic layer below the soil surface, which results in water repellency. DeBano et al.
(1979) further quantified the influence of soil temperature on soil hydrophobicity, providing
insights into the post-fire soil hydrology. In addition to experiment-based studies, some
observation-based studies show that wildfire can
cause widespread development of water repellency in soils, which further increases
peak flows, flood volumes, and catchment response ratios (e.g., Scott and Van Wyk 1990;
Doerr et al. 2006).

Nevertheless, the hydrologic impacts of wildfire are complicated. Imeson et al. (1992) is one
of the earliest studies that found that not all soils show a decreasing infiltration rate after
wildfire, which contrasts with the infiltration theory. Ebel and Moody (2013) reviewed
differences between infiltration theory and observations and argued that the traditional
“decreasing infiltration” theory is insufficient to quantify infiltration rates in burned soils. A
wildfire-induced ash layer on the soil surface can absorb water rapidly (Onda et al. 2008),
whereas the underlying soil is water repellent because of the combined effects of
hydrophobicity and hyper-dry conditions (Doerr et al. 2004; Moody and Ebel 2012). Increases
in first-year runoff and peak flows are evident for watersheds encompassing a range of
ecological regions in the US (Coombs and Melack 2013; Kinoshita and Hogue 2015; Loaiciga
et al. 2001; Neary et al. 2005). However, other studies detected no significant changes in post-
fire streamflows, which is attributable to natural annual variability (Aronica et al. 2002; Bart
and Hope 2010; Townsend and Douglas 2000). This disparity among studies evaluating post-
fire hydrology can be attributed to other modulating variables, including climate, soil and
vegetation types, watershed morphology, and rainfall intensity after a wildfire (Moody et al.
2013).

Therefore, there is a critical need to examine post-fire streamflow dynamics, especially for
flood events emanating from burned watersheds that encompass a broad spectrum of
climatological and geophysical settings. Investigating the impacts of wildfire on floods over
large scales will provide important information for land managers for post-fire runoff
mitigation. This study concentrated on watersheds across the western US because this region
includes a variety of forest types and watershed morphologies and is experiencing increased
wildfire activity.



1.2 Objectives and Overview

The main objective of this study is to investigate wildfire effects on flood behavior in the 11
CONUS western states (Arizona, California, Colorado, Idaho, Montana, Nevada, New Mexico,
Oregon, Utah, Washington, and Wyoming). This study investigated three aspects of post-fire
flood behavior: normalized peak flows, the non-exceedance probability of peak flows, and
runoff ratios for peak flow events. This study also focuses on testing a research hypothesis:
For watersheds that experience wildfire, subsequent flood peaks within X years of that fire are
statistically different from other flood samples. On the contrary, the null hypothesis is that
flood peaks within X years after a wildfire event are simply random samples. To answer these
research questions, the following subtasks were performed:

1) Acquire and pre-process the data, which include United States Geological
Survey (USGS) annual peak flows, daily mean streamflows, North American
Land Data Assimilation System version 2 (NLDAS-2) precipitation, NLDAS
Variable Infiltration Capacity (NLDAS-VIC) simulated snowmelt, and
Monitoring Trends in Burn Severity (MTBS) wildfire size and burn severity.

2) Analyze the unit peak flows (i.e., normalized by watershed sizes) for
pre- and post-fire events and calculate their corresponding non-exceedance
probability (NEP).

3) Calculate runoff ratios for historical peak flow events and compare results
between pre- and post-fire events.

4) Derive the spatial distribution of changes in post-fire runoff ratios.

The results of this study are expected to serve as a guideline for the evaluation of wildfire
effects on flood behavior and its persistence over the 11 CONUS western states. In addition,
the regional wildfire impact information derived from this study can provide insights into
post-fire floods at ungaged watersheds in different areas of the region. Future studies can
incorporate this study into multivariate probability modeling (e.g., copula) and regional flood
frequency analysis techniques to better understand the joint probability of extreme rainfall
and post-fire flooding, as well as the impacts of these events on flood frequencies.

2. DATA
2.1 GAGES-II Watersheds and Their Annual Peak Flows

In this study, stream gages were identified using the Geospatial Attributes of Gages for
Evaluating Streamflow version II (GAGES-II) dataset (Falcone 2011). The GAGES-II dataset
provides a variety of features such as the geospatial boundary, elevation, geology, soils, and
topography, anthropogenic influences for 9,322 stream gages within the CONUS. Of these
stream gages, 3,089 are located within the 11 CONUS western states. A subset of 1,211 stream
gages that conform to the following criteria were selected for this study:

1) Stream gages have at least 25 years of continuous annual peak flow data and at
least 1 year of that period intersects the 1984-2020 period. This criterion can
help maximize the number of watersheds where at least one wildfire event has
occurred during the 1984-2020 period.

2) To exclude gages where streamflows are likely to be influenced by upstream
reservoir operations, the upstream storage of the stream gages should not
exceed 10,000 acre-feet (12.3 million m3).

3) If multiple gages are located on the same stream, the drainage areas for the
downstream gages must be at least twice that of the previous upstream gage.



For each watershed, the annual peak flow measurements (i.e., maximum instantaneous
streamflow values for the entire water year from October 1st to September 30th) were
collected from USGS stream gages using the “dataRetrieval” package in R computing language
(Hirsch and De Cicco 2015).

2.2 Wildfire Data

To understand historical wildfire activities, satellite remote-sensing-based wildfire data were
collected for the 1984-2020 period from the MTBS Project (Eidenshink
et al. 2007). The MTBS dataset includes fire sizes (i.e., perimeters) larger than 1,000 acres
in the western CONUS. Wildfire events were filtered out of the study dataset based on the
following criteria: 1) not classified as either “wildfire” or “prescribed fire,” and 2) not within
the selected watersheds. This filtering resulted in a final dataset of 2,914 wildfire events over
the western US during the 1984-2020 period.

2.3 Precipitation and Snowmelt Data

The event-scale runoff ratio was calculated using NLDAS-2 (Mitchell et al. 2004) observed
precipitation and simulated snowmelt from the land surface model (NLDAS-VIC; Xia et al.
2012). Both the NLDAS-2 precipitation and NLDAS-VIC snowmelt datasets have hourly and
1/8° (roughly 12 km) spatial resolutions from 1979 to the present over the CONUS.

3. METHODS
3.1 Welch’s T-test

Welch’s t-test (i.e., the unequal variances t-test [Welch 1947]) is used to test the hypothesis
that two populations have identical means. In this study, Welch’s t-test was performed to
compare the post-fire unit peak flows (i.e., peak flows divided by watershed size) with their
pre-fire counterparts. The pre-fire peak flows are represented as all peak flows from 1 to 10
years before a wildfire, whereas the post-fire peak flows have five groups representing 1 to 5
years after a wildfire. For example, for all watersheds, the peak flows for the first year after a
wildfire are defined as peak flows that occurred within 365 days after a wildfire. These values
are compared against the corresponding watersheds’ pre-fire peak flows that occurred 10
years before the wildfire at the earliest. Welch’s t-tests were also
performed for all watersheds in these groups with respect to different watershed burn area
percentages (i.e., > 0 percent, > 25 percent, > 50 percent, and > 75 percent).

3.2 Non-exceedance Probabilities (NEPs) for Post-fire Peak Flows

It is widely accepted that the hydrologic impact of wildfire is relatively large within the initial
years (e.g., one to five years) after a fire. Therefore, the NEPs of annual peak flows within five
years of a wildfire are hypothesized to be larger than the corresponding values from a random
sample. In this study, the probability of X randomly selected peak flows in which the NEPs
are all larger than 0.5 was calculated using the following equation:
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where X is the years after a wildfire and N is the total number of annual peak flows. For
example, if a watershed has 50 years of continuous peak flow data, the probability of randomly
selecting three samples (X=3) that are larger than the median value (i.e., rank
1to 25) is:
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This value is compared with the empirical probability that NEPs of peak flows within three
years after a wildfire are > 0.5, which is defined as the ratio between the number of watersheds
where peak flows within X year(s) after a wildfire are larger than the median value (i.e.,
NEP > 0.5) and the total number of watersheds that experienced wildfire.

3.3 Event-based Runoff Ratios

Because watershed sizes vary, the durations of peak flow events also vary. In this study, a
single flood event is defined to be seven days, which includes the date of the annual peak flow
occurrence as well as the three preceding and three subsequent days (Figure 1). The runoff
ratio for flood peaks is therefore defined as:
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where Qo is defined as the seven-day accumulated runoff depth and Pyowais the accumulated
precipitation and snowmelt total for the peak date and the three preceding days.
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Figure 1. Schematic plot for calculation of runoff ratio.

4. RESULTS
4.1 Selected Watersheds and Their Historical Wildfires

In this study, 1,211 watersheds and 2,914 wildfire events over the western CONUS were
selected based on the criteria in Section 2 (Figure 2a). These selected watersheds and wildfire
events are spread across the 11 CONUS western states, which cover three main Képpen climate
types: temperate, arid, and cold (K6ppen 1884). All selected watersheds have more than 25
years of continuous annual peak flow records from the USGS gages and 50 percent have



annual peak flows of more than 50 continuous years (Figure 3a). Of the 1,211 watersheds, 497
(41  percent) have not experienced a  wildfire event during the
1984-2020 period. These sites are predominantly located along the western front of the
Cascade Range (i.e., western Washington and Oregon, Northern California, and central
Colorado) where the long-term annual average precipitation is over 1,200 mm, which inhibits
the occurrence of wildfire (Daly et al. 1997).

The remaining 714 watersheds (59 percent) have experienced at least one wildfire event
during the period of concern, and most have experienced multiple wildfires (Figure 3b). For
example, eight wildfire events have occurred in the Donner und Blitzen River watershed (518
km?) near Frenchglen, Oregon, from 1984 to 2020, with wildfire sizes ranging from 0.4 km?
to 42 km2 (Figure 2b). The burned area for the 714 watersheds with at least one wildfire ranges
from 0.1 km?2 to over 4,000 km2, with 90 percent between 1 km2 and 1,000 km2 (Figure 3c).
The corresponding wildfire burned area (percent) with respect to watershed size is mostly less
than 50 percent, with a few exceptions exceeding 75 percent of the watershed size (Figure 3d).

Bl Wildfires
(a) [ Watersheds e Kilometers

Figure 2. (a) The spatial distribution of the selected watersheds and the wildfires that
occurred within these watersheds during the 1984-2020 period. The arrow in (a)
points to the Donner und Blitzen River watershed near Frenchglen, Oregon, and
(b) shows an example of the eight wildfires that occurred within that single
watershed.
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The empirical cumulative distribution functions (ECDFs) for (a) number of annual
flood peaks, (b) number of wildfire events, (c) total wildfire size, and (d) the
percentage of wildfire size over the watersheds for all watersheds across the
western CONUS. If multiple wildfires have occurred in a watershed, the wildfire
with the maximum size is used to calculate the percentage in (d).

Figure 4 provides similar information as Figure 3, but it reflects the spatial distributions of
attributes in the selected watersheds and their corresponding wildfire events. In general, there
is no systematic spatial bias present in the selected watersheds. For example, watersheds with
either a large or small flood sample size are uniformly distributed over the western CONUS
(Figure 4a). Similarly, watersheds with less than five wildfire events are also spread
throughout the study region (Figure 4b). In addition, there is a strong correlation between
wildfire size and percent burn area within the watersheds, with a Spearman’s correlation
coefficient equal to 0.9 (Figures 4c-d). Watersheds with a large wildfire size tend to cluster in
three regions: the coast of California, southern Arizona, and the state of Idaho (Figures 4c-d).
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Figure 4. Spatial distribution of (a) flood samples and (b-d) wildfires. White dots in (b), (c),
and
(d) denote the watersheds where wildfire did not occur within the period of
concern.

4.2 The Seasonality of Wildfires and Floods

In general, both wildfire and flood events over the western CONUS reflect pronounced
seasonality (Figure 5). Wildfire occurrence is predominantly between June and September
with the peak season in early August, whereas floods have two distinct seasons: one between
January and March and the other between May and July (Figures 5a-b).
The wildfire season is uniformly distributed across the western CONUS because most wildfires
occur during the summer (Figure 5a). In addition, wildfires in arid and semiarid regions—
such as Arizona, Nevada, and New Mexico—typically occur approximately one to two months
earlier than wildfire events in northern regions (Figure 5a).

Unlike the seasonality of wildfire, floods in the western CONUS have two dominant seasons
associated with a marked spatial pattern. In general, floods occur in winter (e.g., January to



March) in the western coastal regions and in spring and summer in the interior regions
(Figure 5b). This strong spatial pattern of flood seasonality in the western CONUS is
attributable to the flood-generating mechanism. Floods in the western coastal regions are the
result of winter stratiform precipitation, which is often associated with atmospheric rivers that
transport moisture from the Pacific to this region (e.g., Ralph et al. 2006; Gershunov et al.
2017). Watersheds at high elevations (e.g., Rocky Mountains) and high latitudes
(e.g., Montana) have a flood season in early summer due to snowmelt (Berghuijs et al. 2016).
For the arid and semiarid southwestern CONUS, the North American Monsoon associated
with local thunderstorms in late summer is the main flood driver (e.g., Higgins et al. 1997;
Vivoni et al. 2006).

Because soil properties need time to recover after a wildfire event, the hydrologic impacts of
wildfire on watersheds are typically greater in the period immediately following the wildfire
and for a short period after. According to the difference in wildfire and flood seasonality, the
interval between a wildfire and the first subsequent flood is extremely short for the Southwest
(< 1 month), but it is approximately 5 and 10 months for the West Coast and high-latitude
regions, respectively (Figure 5¢). The short interval between a wildfire and the first subsequent
flood for the Southwest can exacerbate the socioeconomic impact of post-fire floods and debris
flows because of limited preparation time.
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Figure 5. The seasonality of (a) wildfires and (b) annual peak flows, as well as (c) the difference between wildfire and flood seasonality.
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4.3 Pre- and Post-fire Peak Flows and Their Non-exceedance Probabilities

Unit annual peak flows within both the 10 years before and after wildfires are defined as pre-
and post-fire peak flows, respectively. Pre- and post-fire peak flows are grouped by the years
before and after a wildfire and are analyzed with respect to different percent burn areas across
watersheds (Figure 6 and Table 1). The wildfire impacts on peak flows become more
pronounced with the increased percent burn area, although the sample size decreases (Figure
6). For watersheds that experienced at least a 25 percent burn area, their peak flows within
the first year (< 365 days) of a wildfire are larger than the pre-fire peak flows (Figures 6b-d).
The increases in post-fire peak flows are readily observable for the first three years after a
wildfire and become less obvious five years after a wildfire (see the locally weighted scatterplot
smoothing [LOWESS] regression in Figure 6). This pattern in post-fire peak flows is
consistent with wildfire impacts on soil hydraulic properties that can last up to five years
(Doerr et al. 2004, 2006; Malmon et al. 2007; Berg and Azuma 2010).
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Figure 6. Pre- and post-fire unit peak flows (i.e., peak flows divided by watershed size) for
watersheds with (a) > o percent, (b) > 25 percent, (¢) > 50 percent, and (d) > 75
percent burn areas. Red lines denote the locally weighted scatterplot smoothing
(LOWESS) regression fitted to unit peak flows, with smoothing parameter a = 1.
Sample sizes are given in each subplot.

Welch’s t-test was also performed to compare the difference in mean pre- and
post-fire peak flows with respect to different percent burn areas across the watersheds
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(Table 1). The results show that irrespective of percent burn area, peak flows within the first
year after a wildfire are significantly higher than pre-fire peak flows, with a p-value less than
0.05. In addition, the p-values of Welch’s t-test generally increase with the years after a
wildfire, indicating the failure to reject a null hypothesis of equal means in pre- and post-fire
peak flows (Table 1).

For watersheds with > 0 percent burn area, there is more or less no change in the NEPs of
post-fire peak flows. For watersheds with at least a 25 percent burn area, the changes in the
NEDPs of post-fire peak flows also show a similar pattern as in Figures 6b-d. The NEPs for peak
flows within one year after a wildfire are generally greater than 0.5, meaning their magnitudes
are larger than the median peak flows (Figure 7). The NEPs decrease in the second and third
years after a wildfire, but the median values across the watersheds are still larger than o.5.
Irrespective of percent burn area, NEPs for the fourth year after a wildfire are less than 0.5,
but then increase sharply above 0.5 in the fifth year. However, the physical cause for this
change in peak flow NEP between the fourth and fifth year after a wildfire remains unknown.

Table 1.  Welch’s t-test for pre- and post-fire peak flows with respect to percent burn area.
T-test value is shown for each group, with p-value shown in parentheses. Positive
t-test values indicate that post-fire peak flows are larger than their pre-fire
counterparts and vice versa for the negative t-test values. The pre-fire group is
defined as all peak flows that occurred within 10 years before the wildfire.

vears After Percentage Burn Area

Wildfire >0% (N=620)  >2506 (N=114)  >50% (N=45)  >75% (N=20)
1 2.906 (0.004)*  3.065 (0.003)*  2.946 (0.005)*  2.973 (0.007)*
2 1.747 (0.081) 2.027 (0.045)* 1.215 (0.231) 1.302 (0.211)
3 0.442 (0.659) 0.243 (0.809) -0.092 (0.927) -0.826 (0.413)
4 -1.346 (0.179) -0.366 (0.715) 0.270 (0.788) 0.4118 (0.685)
5 1.473 (0.141) 1.611 (0.111) -0.149 (0.882) -0.188 (0.852)

* Significant values (at five-percent level), indicating that there is a statistically significant

difference in mean between two groups.
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Figure 7. Non-exceedance probabilities for post-fire peak flows with respect to percent burn
area. Percent burn areas and sample sizes are shown.

The probabilities of one to five consecutive annual peak flows after a wildfire that are both
larger than their corresponding median peak flows (NEPs > 0.5) were calculated. These
probabilities were compared with the probabilities of five randomly selected annual peak
flows that are larger than the median values (Equation 1; Table 2). The results show that
the probability of consecutive post-fire peak flows being larger than the median values
(i.e., NEPs > 0.5) is slightly higher than the corresponding probability of random sampling.
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Table 2. Comparison of the probability of X (i.e., 1-5) consecutive annual peak flows after a
wildfire and randomly selected X annual peak flows that are all greater than their
median values (i.e., NEPs > 0.5).

Years After Sample Size NEPs of Flood Peaks > 0.5

Wildfire (i.e., number of _ -
watersheds) Theoretical Value Empirical Value

: 493 0.050 o

2 484 0.249 0,281

8 456 0.124 0.143

: 415 0.062 0.084

> 391 0.030 0.046

4.4 Post-fire Runoff Ratios

Runoff ratios for peak flows that occurred within one to five years after a wildfire (referred to
as “post-fire runoff ratios” hereafter) were calculated for all available watersheds (Figures 8-
12). Post-fire runoff ratios were compared to the watersheds’ median runoff ratios. These
comparisons were separated into four groups with respect to the watershed sizes: 1) watershed
size < 162 km2 (25th percentiles), 2) 162 km? < watershed size < 405 km2 (50th percentiles),
3) 405 km2 < watershed size < 983 km2 (75th percentiles), and
4) watershed size > 983 kmz2. In addition, the effects of the watersheds’ mean annual
precipitation (i.e., wetness) on such comparisons are accounted for.

In general, post-fire runoff ratios vary considerably with respect to watershed size. Small and
medium watersheds (< 405 km2) experienced more marked hydrologic impacts of wildfires
than large watersheds. For small watersheds, the post-fire runoff ratios, especially for the first
three years after a wildfire, are typically higher than their median runoff ratios (Figures 8-10,
panels a-b). However, relationships between the median and post-fire runoff ratios are more
scattered for the large watersheds (Figures 8-10, panels c-d). This can be partly explained by
the relative size differences between the watershed, wildfire burn, and storm cell. For small
watersheds, there is a greater probability that the storms after a wildfire will overlap (i.e., hit)
the same burn area, whereas this probability is low for large watersheds. For example, because
the spatial scale of thunderstorms is approximately < 10 km2, it is very likely such a storm may
barely cover the burn area of a 1,000 km2 watershed with a 10 percent burn area.

The hydrologic impacts of wildfires on peak flows are more pronounced for watersheds in dry
climates (e.g., Pannua < 100 mm), especially during the first two years after a wildfire (Figures
8-9). Watersheds in arid and semiarid regions typically have low runoff ratios due to the dry
initial soil moisture conditions, substantial channel transmission losses, and low hydrologic
connectivity (McCuen 2002; Miller 2011; Smith et al. 2019). However, wildfires of a moderate
to high burn severity can alter the soil structure and reduce hydraulic conductivity, leading to
increased overland flow and higher flood peaks and volumes. In addition, severe
thunderstorms are prevalent over arid and semiarid regions, especially

during the North American Monsoon (June 15th to the end of September). The interaction of
these high-intensity thunderstorms with the low-infiltration-capacity soils caused by wildfire
burns lead to runoff ratios which are higher than their median values.
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Figure 8. Relationships between watershed median runoff ratios and the corresponding

values

for the first year after a wildfire. Scatter plots are grouped by the (a) 0-25th (162

km?),

(b) 25th-50th (405 km?2), (¢) 50th-75th (983 km?2), and (d) 75th-100th percentiles
of watershed size. Color and size of dots denote the percent burn area within
watersheds and mean annual precipitation, respectively. Red lines denote a 1:1

relationship.
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Figure 9. Relationships between watershed median runoff ratios and the corresponding

values

for the second year after a wildfire. Scatter plots are grouped by the (a) 0-25th (162
km?2), (b) 25th-50th (405 kmz?), (c) 50th-75th (983 km?), and (d) 75th-100th
percentiles of watershed size. Color and size of dots denote the percent burn area
within watersheds and mean annual precipitation, respectively. Red lines denote a

1:1 relationship.
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Figure 10. Relationships between watershed median runoff ratios and the corresponding
values
for the third year after a wildfire. Scatter plots are grouped by the (a) 0-25th (162
km?), (b) 25th-50th (405 km?), (¢) 50th-75th (983 km?2), and (d) 75th-100th
percentiles of watershed size. Color and size of dots denote the percent burn area
within watersheds and mean annual precipitation, respectively. Red lines denote a
1:1 relationship.

17



(a) Watershed size < 162 km2 (b)162 km2 < Watershed size < 405 km?2
1.00 A o 1.00 -
@ L ..Q.) Oo
0.50 4 .O(’ 0.50 + o
.,..O 02O %o ® (é) 9
0.20 - o ® 0.20 A & /o,
= . ® o O %y 8
v 0.10 1 Y 0.10 O..
— [ ]
= Q o P o Q
g O » ~ o ° o F’annual [mm]
= *1 o <50
E ® o @ ° 0 (9] 8
dr:_:‘ ° © @]
5 0.014 0.014 ; o O30
>- T T T T T T T T T T
£ 0.01 0.100.20 0.501.00 0.01 0.100.20 0.501.00
2 () 405 km? < Watershed size < 983 km? (d) Watershed size = 983 km?
= 1.00 A < 1.00 + O
"E ® OOO 2 o] CP(.)GOO
- - ° ]
.% 0.50 %o OOC%) Y 0.50 . o
o % O % o © /o Cgo o
£ 0.20 A * o, ®o 0.20 - Lo e
% o) o® o o °
e 0104 % & 5 0.10 + S
)] o] 0 /e
(o] o ] o o @ e®
: ° o Burn Area [%)]
b < P 100
o] e o5}
o o 10
0.01- 0.01 - - i
0.01 0.100.20 0.501.00 0.01 0.100.20 0.50 1.00

Median Runoff Ratios [-]

Figure 11. Relationships between watershed median runoff ratios and the corresponding
values
for the fourth year after a wildfire. Scatter plots are grouped by the (a) 0-25th (162
km?), (b) 25th-50th (405 km?2), (¢) 50th-75th (983 km?), and (d) 75th-100th
percentiles of watershed size. Color and size of dots denote the percent burn area
within watersheds and mean annual precipitation, respectively. Red lines denote a
1:1 relationship.
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Figure 12. Relationships between watershed median runoff ratios and the corresponding
values
for the fifth year after a wildfire. Scatter plots are grouped by the (a) 0-25th (162
km?2), (b) 25th-50th (405 kmz?), (c) 50th-75th (983 km?), and (d) 75th-100th
percentiles of watershed size. Color and size of dots denote the percent burn area
within watersheds and mean annual precipitation, respectively. Red lines denote a
1:1 relationship.

The spatial distribution of post-fire runoff ratios is represented as the difference between
runoff ratios for the first year after a wildfire and the corresponding median values (Figure
13). First, larger post-fire (i.e., within one year after a fire) runoff ratios
are prevalent across the western US, especially for the Rocky Mountains and along the
California coast. Second, the smaller the watershed size, the larger the post-fire runoff ratio.
For most watersheds larger than 1,000 kmz, the post-fire runoff ratios are comparable to the
median values.
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Figure 13. The difference in runoff ratios between the first year after a wildfire and the
corresponding median values. Sizes of circles are proportional to the watershed
sizes.

5. SUMMARY AND CONCLUSIONS

This study examined the impacts of wildfire on multiple aspects of flood behaviors for
714 watersheds across the western US. This study used a variety of observations and model
simulations, including USGS annual peak flows, daily mean streamflows, NLDAS-2
precipitation, NLDAS-VIC simulated snowmelt, and MTBS wildfire size and burn severity.
The combination of observations and simulations enables analyses of wildfire seasonality,
changes in post-fire peak flows and their NEPs, and the comparison of pre- and post-fire
runoff ratios for flood events. The major findings are as follows:

1) For 1,211 selected watersheds that have relatively minimal anthropogenic
impacts, 714 watersheds (59 percent) have experienced at least one wildfire
event during the 1984-2020 period, with sizes ranging from less than 1 kmz to
over 1,000 kmz2. These 714 watersheds show disparate seasonalities between
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wildfire and floods associated with their geographical locations. The interval
between a wildfire and the first subsequent flood is longest (~ 10 months) for
high-latitude states, relatively short (~ 5 months) for the West Coast, and
shortest (< 1 month) for the arid Southwest.

2) For all watersheds that experienced wildfires during the 1984-2020 period, the
unit annual peak flows (i.e., peak flows divided by watershed sizes) within both
10 years before and after wildfires were analyzed. Peak flows for the first year
after a wildfire are statistically significantly larger than the pre-fire peak flows.
This pattern is more pronounced for watersheds with larger percent burn areas
and continues for the first three years after a wildfire. This result implies that
wildfire impacts on peak flows are dynamic processes related to the soil and
vegetation recovery pattern.

3) The NEPs for post-fire peak flows are generally greater than 0.5 for the first
three years after a wildfire, especially for the watersheds with > 25 percent burn
area. This indicates post-fire peak flows within three years are larger than their
median flood peaks irrespective of other flood drivers, such as rainfall and
initial soil moisture (Figure 7). For the watersheds showing
post-fire increases in NEPs, the hypothesis that post-fire floods have the same
mean value as pre-fire NEP’s can be rejected.

4) Runoff ratios for floods within one to five years after a wildfire were compared
with their median peak flow runoff ratios. For small and medium watersheds
(< 405 km2), post-fire runoff ratios are higher than their median values,
especially for the first year after a wildfire. This phenomenon is more prevalent
among watersheds in arid regions with annual precipitation less than 100 mm.
For large watersheds (> 405 kmz?), the relationship between post-fire and
median runoff ratios is more scattered.

It has been acknowledged that wildfire processes affect peak runoff in the post-fire period, but
results to date have been focused on individual events in individual basins. There is large
uncertainty in the factors that have the greatest influence on increased peak flows and the
time it takes for the basin to revert to peak flows of the same magnitude as pre-fire conditions.
This study further demonstrates the complexity of changes in post-fire peak flows with respect
to time, different watershed sizes, and the percent burn area. It also shows that the impacts of
wildfire on peak flows are the strongest within the first one to three years after a fire, and then
lessen after four to five years. The empirical analyses performed in this study have wide-
ranging implications for better understanding post-fire flood risk. For example, post-fire flood
frequency analysis should account for impacts across the fire continuum rather than just a
single wildfire event.
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