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Abstract. Wildfires and extreme precipitation events increasingly interact under a warming climate, yet their combined
hydrologic impacts remain poorly characterized. In fire-prone regions such as Southern California, atmospheric rivers (ARs)
can both promote wildfire through antecedent vegetation growth and trigger severe flooding in postfire landscapes. This study
evaluates the compound flood risk associated with a strong AR event occurring after the 2025 Eaton Fire by examining both
its likelihood and hydrologic consequences. Historical AR records were analyzed to assess the probability of sequential-year
strong AR events, and an event-based hydrologic modeling framework (AGWA/KINEROS?2) was used to characterize
watershed response under prefire and postfire conditions using precipitation analogous to the February 2024 AR. Results
indicate that strong AR events (Scale > 3) occur with a mean annual frequency of 0.51 and a 38% probability of recurrence in
consecutive years, supporting the plausibility of a postfire AR scenario. Simulations show that wildfire-induced landscape
changes amplify downstream flood response, increasing runoff volume by approximately 6% and sediment yield by about
50% in channels immediately below the burned area. Sequential storm pulses further enhanced postfire impacts, with the
second flood peak increasing by ~30% relative to prefire conditions. These findings demonstrate that wildfire and AR events
act as interconnected hazards whose cascading effects can intensify flood and erosion risks. By linking event probability with
watershed-scale hydrologic response, this study provides a framework for assessing postfire flood hazards under compound

climate extremes and underscores the need for integrated risk management in fire-affected regions.

1 Introduction

Wildfires are becoming more frequent, larger, and more destructive across many regions of the world. Although large historical
events such as the 1910 Big Burn in the Northern Rockies shaped early fire management in the United States, recent decades
have witnessed wildfires of unprecedented scale, intensity, and socio-economic impact, including major events in Canada
(2016), Chile, Portugal and the United States (2017), Northern Europe and South Africa (2018), Bolivia (2019), and Australia
and the United States (2020)(Duane et al., 2021). Climate change, particularly increasing temperatures, prolonged drought,
and more extreme fire weather, has emerged as a primary driver of these trends. In addition, anthropogenic factors such as

altered forest structure, fuel accumulation, and land management practices further exacerbate fire severity and spread(Keeley
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and Syphard, 2021; Abatzoglou et al., 2023; Kelley et al., 2025). These trends are expected to intensify in the future, resulting
in more frequent and severe fire weather conditions and longer fire seasons(Kumar et al., 2025). While controlled fire can play
an ecological role in ecosystem renewal, highly destructive large wildfires pose substantial risks to human health,
infrastructure, water resources, and downstream communities(Carlson et al., 2025).

The western United States particularly California has a long history of large wildfires, including the approximately 100,000
ha Santiago Canyon Fire of 1889 in Orange County as well as the Matilija Fire of 1932 and the Laguna Fire of 1970. In the
past four decades, the number of fires exceeding 10,000 ha, with several surpasses 100,000 ha have been increased, resulting
in loss of life and property(Keeley and Syphard, 2021). The largest fires on record occurred in 2018, Camp Fire followed by
even larger event in 2021, the Dixie Fire(Dilshan et al., 2025). The large fires in the past were low intensity surface fires
whereas, the recent ones are dominated by high intensity crown fire.

In 2025, Southern California experienced the most destructive wildfires, the Los Angeles County’s Palisades and Eaton
Fires(Phillips, 2025). On January 07, 2025, Eaton Fire ignited on the eastern hillside of the Eaton Canyon Wash in Los Angeles
County, Southern California along the foothills of the San Gabriel Mountains, a landscape characterized by steep canyons,
dense evergreen forests, and extensive chaparral. This terrain, combined with highly flammable vegetation, makes the region
inherently susceptible to rapid fire spread. In the months preceding the fire, Southern California experienced approximately
eight months without significant precipitation, leading to extremely low antecedent soil moisture and elevated vegetation
dryness. Despite this prolonged dry period, a strong Atmospheric River (AR) event in 2024 delivered substantial precipitation,
promoting vigorous vegetation growth and increasing available fuel loads. These accumulated fuels later became highly
combustible under renewed dry conditions. Fire risk was further amplified across the steep terrain by powerful Santa Ana
winds where downslope, dry wind events that are historically associated with some of the most destructive wildfires in
California(Guirguis et al., 2023; Abatzoglou et al., 2023). Over the past four decades, California has experienced an
approximate 1°C increase in temperature and a ~30% decline in precipitation, trends that have contributed to more frequent
and severe Santa Ana wind-driven fires(Keeley et al., 2021). Thus, the combination of prolonged drought, fuel accumulation
following the AR event, and extreme wind conditions combinedly led to the rapid ignition and spread of the Eaton Fire.
Wildfires substantially alter watershed structure and function, directly affecting hydrologic processes such as infiltration,
runoff generation, streamflow response, and sediment transport. The combustion of vegetation and soil organic matter reduces
canopy interception, surface roughness, and root reinforcement, while high soil temperatures can induce water-repellent
(hydrophobic) layers. As a result, postfire landscapes exhibit reduced infiltration capacity and diminished water storage.
Previous studies reported that surface runoff can increase by more than 70%, while erosion rates may rise by orders of
magnitude following high-severity fires(Papaioannou et al., 2023; Sidman et al., 2016; Samburova et al., 2023; Prats et al.,
2021; Moazeni and Cerda, 2024). Therefore, wildfires like Eaton fire can change the characteristics of the watershed by
reducing the vegetation cover, increasing hydrophobic layer, and changing the surface condition, which can pose serious risks

such as increase in surface runoff and erosion in the downstream areas.
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Atmospheric rivers (AR) are long narrow rivers in the lower atmosphere that carry significant amounts of moisture from
tropical to the high latitude regions. In California, ample precipitation is delivered by landfalling ARs particularly during boreal
winter, responsible for up to half of the state’s annual precipitation(Corringham et al., 2022; Gershunov et al., 2017). The
interaction of AR moisture plumes with California’s complex topography enhances orographic precipitation, frequently
producing heavy rainfall and flooding(Cobb et al., 2022; Gershunov et al., 2017). Although AR frequency varies from dry to
wet years, a small number of intense, long-duration ARs often determines whether a season is drought- or flood-dominated.
During the 2022-2023 and 2023-2024 water years, multiple AR events ended the two-decade megadrought, making them the
two wettest consecutive years in California’s recorded history(Selby, 2025). In winter 2022-2023 alone, 31 AR events
impacted the state, replenishing reservoirs but also triggering widespread floods, landslides, and debris flows across 47
counties. In February 2024, one of the most intense AR events on record delivered more than 8 inches of rainfall across parts
of the Los Angeles Basin, which accounts for over half the region’s average annual precipitation and caused extensive flooding
and hundreds of debris flows(Selby, 2025).

California is already experiencing pronounced interannual variability in precipitation and hydrometeorology, and climate
change is projected to further intensify extreme events, including droughts, wildfires, and Atmospheric Rivers (ARs).
Importantly, these hazards do not occur in isolation. The Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment
Report (AR6) emphasizes that the probability of compound and cascading climate events will increase under continued
warming(Qing et al., 2023). In California, prolonged drought and record-high temperatures often precede large wildfires, while
intense AR events following wildfire can trigger severe postfire flooding, debris flows, and landslides(Guirguis et al., 2023;
Miller et al., 2025; Aghakouchak et al., 2018). This fire-precipitation sequence illustrates a compounding hazard pathway: dry,
warm, and windy conditions elevate wildfire risk and promote soil hydrophobicity, thereby increasing watershed sensitivity to
subsequent heavy rainfall. Conversely, AR events can enhance vegetation growth on interannual timescales, increasing fuel
availability and shaping future fire behavior(Albano et al., 2017). The Eaton Fire exemplifies this cascading risk. A strong AR
event in February 2024 enhanced vegetation growth in Southern California, followed by an extended dry period that reduced
soil moisture and desiccated fuels, increasing wildfire susceptibility. Should a similarly intense AR event occur following the
2025 Eaton Fire, the downstream flood hazards could be substantially amplified via altered watershed conditions including
reduced vegetation cover and increased soil water repellence.

Despite growing recognition of such cascading wildfire-storm interactions, there is still lack of research to explicitly quantify
the compound risk. In this study, we frame such risk through its two components: (1) the likelihood of a strong AR event
occurring after a major wildfire, and (2) the resulting hydrologic consequences. To this end, this study quantifies the postfire
flood impact of the 2025 Eaton Fire under a strong AR scenario analogous to the February 2024 event. We first assess the
frequency and recurrence characteristics of historical intense ARs in Southern California to evaluate the likelihood of such a
scenario. We then apply a hydrologic modelling framework to estimate and characterize the flood impact attributable to
wildfire-induced changes in watershed properties. The remainder of this paper is organized as follows: Section II describes the

study area and methodology; Section III presents the results; Section IV discusses the implications; and Section V concludes.
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2 Materials and Methods

This section outlines the framework used to evaluate postfire flood potential in the Eaton-Santa Anita watershed under extreme
precipitation forcing. We first describe the study area and characterize the February 2024 Atmospheric River (AR) event that
serves as a representative rainfall scenario. We then assess the frequency and recurrence of strong AR events to establish the
plausibility of similar future conditions. Finally, we apply the AGWA/KINEROS2 modeling framework, incorporating postfire
landscape changes and addressing observational constraints through volume-based calibration, to quantify runoff response

under prefire and postfire conditions.

2.1 Study Area

The study focuses on two adjacent HUC-12 watersheds, i.e., Arroyo Seco and Eaton-Santa Anita (ESA), located along the
southern foothills of the San Gabriel Mountains in Los Angeles County, California (Fig. 1). Both watersheds drain steep
mountainous headwaters into densely urbanized areas of Altadena and Pasadena, connecting fire-impacted uplands and
downstream developed communities. In January 2025, the Eaton Fire ignited near Eaton Canyon and burned extensively across
the upper elevations of both watersheds. Between the two basins, the ESA watershed was more severely impacted, containing
approximately 82.4% of the total burned area. The spatial distribution of burn severity, derived from the Burned Area
Reflectance Classification (BARC) map developed by the Burned Area Emergency Response (BAER) team, indicates that
74.3% of the burned landscape experienced moderate severity, followed by 17.1% low severity, 4.0% high severity, and 4.6%
unburned to very low severity. In terms of hydrology, the concentration of burn severity in the headwater regions is of particular
importance, as these areas are critical sources of runoff and sediment delivery to downstream channels. Despite the lesser burn
severity, the Arroyo Seco watershed was selected due to the only operational USGS stream gauge in the region, which provides

streamflow observations for hydrologic model calibration and validation.
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Figure 1: Map of the study area showing the Arroyo Seco and Eaton-Santa Anita (ESA) watersheds, burn severity from the Eaton
Fire based on the Burned Area Reflectance Classification (BARC), and the location of the USGS stream gauge (ID: 11098000) used
for hydrologic model calibration.

In early February 2024, California was impacted by a severe Atmospheric River (AR) that delivered intense precipitation,
strong winds, and widespread flooding across the state. Over a three-day period, more than 7-8 inches (=180-200 mm) of
rainfall accumulated across the Los Angeles Basin, while adjacent mountain slopes received over 300 mm (>1 ft) of
precipitation. Within this short duration, numerous weather stations recorded rainfall totals equivalent to nearly half of the
region’s average annual precipitation, triggering hundreds of mudslides and debris flows(Selby, 2025). Figure 2 shows the
spatial distribution of cumulative precipitation associated with this AR event, derived from the Analysis of Record for
Calibration (AORC) dataset. Between 1 February and 9 February 2024, the study watersheds received approximately 300-399
mm of total rainfall, with higher accumulations observed in the mountainous headwater regions. This event provides a

representative extreme precipitation scenario capable of mobilizing runoff and sediment from fire-affected landscapes
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Figure 2: Spatial distribution of cumulative precipitation from the February 2024 Atmospheric River event across the study
watersheds, based on AORC data, indicating 300-399 mm of rainfall between 1-9 February 2024.

2.2 Frequency and Recurrence Analysis of the February 2024 AR Event

To assess the plausibility of a strong Atmospheric River (AR) event occurring in the year following the 2025 Eaton Fire, we
quantified both the frequency and conditional recurrence of intense AR events in Southern California. This analysis provides
context for evaluating the likelihood of an extreme precipitation event capable of triggering postfire flooding and erosion. We
used the CW3E Coastal Landfalling AR Catalog, a scale for characterizing the strength and impacts of ARs introduced by
Ralph et al. (2019). The catalog identifies AR events on a 0.5° x 0.5° grid along the U.S. West Coast and classifies their
intensity using the AR Scale, which is based on vertically integrated water vapor transport (IVT) and event duration (Ralph et
al., 2019) The February 2024 event was classified as an AR3 (Category 3) event, representing a strong AR. In this study, we
define frequency as the average annual occurrence of strong AR events (AR Scale > 3). We define recurrence as the conditional
probability of at least one strong AR event occurring in a given year, provided that a strong AR event occurred in the preceding

year. This metric captures the likelihood of AR events in the sequential, which is directly relevant to the hypothesized scenario

6
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of an AR following the Eaton Fire. Using the 65-year CW3E record (1960-present), we selected five coastal grid locations

near the study watersheds to evaluate the frequency and recurrence characteristics of AR3-or-greater events.

2.3 Hydrologic Modelling

Hydrologic modeling provides a practical means to quantify the impact of wildfire-induced landscape changes on runoff
generation and sediment transport, thereby supporting flood risk assessment and watershed management. In this study, we
applied the AGWA/KINEROS?2 modeling framework to simulate postfire runoff and erosion response in the Eaton-Santa Anita
(ESA) watershed under extreme precipitation forcing. AGWA (Automated Geospatial Watershed Assessment) serves as a
GIS-based parameterization tool that prepares spatial inputs for hydrologic models using terrain, land cover, and soil datasets,
while the KINEROS2 (K2) model functions as the simulation engine that computes event-based runoff and sediment transport

across discretized hillslope and channel elements.

2.3.1 Automated Geospatial Watershed Assessment (AGWA)

AGWA integrates geospatial datasets, including digital elevation models (DEM), land cover, and soil properties, to automate
watershed delineation, discretization, and parameterization(Goodrich et al., 2012). The datasets used for model setup, input
forcing, and calibration are summarized in Table 1. In this study, a 10-m USGS DEM was used to delineate the watersheds.
Using a 3% flow accumulation threshold along with a burnt-in National Hydrography Dataset High Resolution (NHD-HR)
flowline, the ESA watershed was discretized into 47 hillslopes and 19 channels, while the Arroyo Seco watershed was
discretized into 55 hillslopes and 22 channels. Land use parameters were derived from the National Land Cover Dataset
(NLCD-23), and soil properties were obtained from the gridded Soil Survey Geographic Database (gSSURGO). To represent
postfire conditions, AGWA modifies key surface parameters, including Manning’s roughness coefficient, saturated hydraulic
conductivity, and canopy interception, based on burn severity from the Burned Area Reflectance Classification (BARC). These

adjustments are implemented through pixel-level lookup tables and subsequently aggregated to hillslope and channel scales.

2.3.2 KINEROS2 (K2) Model

KINEROS? is an event-based distributed hydrologic model that simulates runoff and sediment transport across hillslopes and
channel networks(Goodrich et al., 2012). The watershed is conceptualized as a system of interconnected elements in which
outflow from upstream hillslopes or channels becomes input to downstream elements. Although AGWA was used for
parameterization, simulations were conducted directly in KINEROS?2 to allow multi-day event modeling beyond AGWA’s
24-hour runtime limitation. The February 2024 AR event was simulated using precipitation data from the AORC dataset.
Hourly 1-km gridded rainfall was spatially averaged for each hillslope and applied as time-series forcing to the model. To
represent antecedent dry conditions following the prolonged eight-month rain-free period preceding the Eaton Fire, the initial

soil saturation was set to 0.001. Simulations were performed over the full duration of the AR event from 1-9 February 2024
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(12,960 minutes) using a 5-minute time step based on Courant stability criteria. Both prefire and postfire scenarios were

evaluated.
Table 1: Datasets used for model setup, forcing, and calibration
Purpose Name Resolution Source
Analysis of Record for National Oceanic and Atmospheric Administration
Input forcing o ~ 4 km, hourly
Calibration (AORC) (Aore, n.d.)
Digital Elevation Model 10 meters United States Geological Survey (Usgs, n.d.—a)
National Land  Cover ) )
30 meters United States Geological Survey (Mrlc, n.d.)
Database of 2023
Model setup . . . .
Gridded Soil Survey 0 Natural Resources Conservation Service (Gssurgo,
meters
Geographic (gSSURGO) n.d.)
Burned Area Reflectance
) ) 30 meters Burned Area Emergency Response (Baer, n.d.)
Classification (BARC)
Model Calibration ~ USGS streamflow 15 minutes United States Geological Survey (Usgs, n.d.—b)
2.4 Model Finetuning

The Eaton-Santa Anita (ESA) watershed lacks continuous streamflow observations suitable for calibration. The only available
USGS gauge in the region (ID: 11098000) is located in the adjacent Arroyo Seco watershed (Fig. 2). This gauge is positioned
immediately downstream of the Brown Mountain Dam, a structure built in the 1940s that is no longer operational and is now
filled with sediment. Flow passing over the sediment-filled dam experiences a substantial drop of approximately 25 meters
into a downstream plunge pool, resulting in significant dissipation of kinetic energy. As a result, the recorded hydrograph is
hydraulically attenuated and does not preserve the flash response characteristics typical of steep headwater basins, such as
sharp peak flows and rapid rising limbs. Consequently, the sub-hourly discharge observations at this location do not fully
represent the true event-scale flood dynamics upstream.

To address this limitation, the 15-minute discharge record was aggregated to event total value for calibration purposes.
Similarly, model simulations were still performed at the native 5-minute temporal resolution but were subsequently aggregated
to event total value for comparison with observations. This approach prioritizes accurate representation of runoff volume while
avoiding misinterpretation of peak discharge magnitude or timing, which are dampened by hydraulic attenuation at the gauge

location. Given that the primary objective of this study is to quantify changes in watershed-scale runoff response under postfire
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conditions, volume-based calibration provides a physically meaningful constraint despite the limitations of the observational

record.

3 Result

This section presents the outcomes of the hydrologic modelling analysis under both prefire and postfire conditions. We first
evaluate the frequency and recurrence characteristics of strong Atmospheric River (AR) events to establish the plausibility of
the modelled scenario. We then assess model calibration performance and examine spatial variability in runoff response across
the study watersheds. Finally, we compare prefire and postfire hydrologic and sediment responses to quantify how wildfire-

induced landscape changes influence flood peaks, runoff generation, and sediment yield.

3.1 Frequency and Recurrence Analysis of the February 2024 AR Event

Figure 3 summarizes the frequency and conditional recurrence of strong Atmospheric River (AR > 3) events at five coastal
locations in Southern California. Each location represents a 0.5° x 0.5° grid cell from which AR characteristics were extracted.
Although the February 2024 AR event exhibited spatially variable intensity across these locations (ranging from AR1 to AR3
depending on local IVT magnitude and duration), the analysis here focuses on the historical occurrence of strong AR events
(AR > 3). Across the 64-year record (1960-2024), the mean frequency of AR > 3 events is 0.51 events per year across the five
locations, with values ranging from 0.34 to 0.83 events per year. The conditional recurrence, defined as the probability of a
strong AR event occurring in a given year following at least one such event in the previous year, averages 38%, with values
ranging from 30% to 56%. These results indicate that strong AR events occur intermittently but not infrequently in Southern
California, and that sequential-year occurrences are reasonably likely. Consequently, the occurrence of a strong AR event
following the Eaton Fire, as hypothesized in this study, is supported by historical AR behavior, with an estimated conditional

probability of approximately 38%.



https://doi.org/10.5194/egusphere-2026-2665
Preprint. Discussion started: 13 July 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

122°W 121°W 120°W 119°W 118°W

(a)

35°N 35°N

34°N

33°N —33°N

122°W 121°W 120°W 119°W 118°W

Frequency (0.83/year) and Recurrence (0.56) at 35N_120.5W (A)

3
2
14
0-

Frequency (0.44/year) and Recurrence (0.41) at 34.5N_120W (B)

2.
Lo I II | | IIII il | III
0+— . - . - . . - . .

Frequency (0.34/year) and Recurrence (0.32) at 34N_118.5W (C)

2fJJJJJJ, A nrr w1l

Frequency (0.35/year) and Recurrence (0.30) at 33.5N_117.5W (D)

OJJJJJ_II I I | I I O NN N NN B N N

Frequency (0.61/year) and Recurrence (0.33) at 33N_117.5W (E)

|||Ll|| E TR B NI
&

Number of Events

ey

O N W
| ]
 E—
=

_—

N 5 Q ] Q \ed Q ¢ Q ) O
© © A 2 > > Q Q N > {V
N a2 3 R N o P 0 s P P
Year
AR Scale
I 3 I 4 I 5

Figure 3: Frequency and conditional recurrence of strong Atmospheric River events (AR > 3) at five coastal locations in Southern

215 California: A (35°N, 120.5°W), B (34.5°N, 120°W), C (34°N, 118.5°W), D (33.5°N, 117.5°W), and E (33°N, 117.5°W). AR events were
identified within a 0.5° x 0.5° grid centered at each location. Annual counts of AR >3 events from 1960 to 2024 are shown for each
site.
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3.2 Hydro-Modelling Results - Model Finetuning

For the AR-driven flood event from 1-9 February 2024, key hydrologic parameters, we calibrate the model by adjusting
watershed-scale multipliers on key hydrologic parameters including saturated hydraulic conductivity, coefficient of variation
of Ksat, and capillary drive coefficient. This calibration resulted in near-zero bias in total event runoff volume at the Arroyo
Seco gauge, i.e., 10% of runoff coefficient from both simulation and observation. Figure 4 presents the calibrated runoff
coefficients for hillslope elements across both watersheds. Hatched areas denote the contributing drainage area (42 km?) to the
USGS gauge in the Arroyo Seco watershed, along with a comparable cumulative contributing area identified within the ESA
watershed for consistency in comparison. The box plot illustrates runoff coefficient distributions for these contributing areas.
The area-weighted mean runoff coefficient is 9.87% in the Arroyo Seco watershed and 11.7% in the ESA watershed, indicating
broadly similar runoff responses under calibrated prefire conditions. Spatial variability in runoff coefficients reflects
underlying soil characteristics. Lower values are associated with sandy soils that promote infiltration (e.g., Plane 23, 52 and
61 in ESA watershed and Plain 63 in Arryo Seco watershed), whereas higher runoff coefficients occur in loamy soil regions

where infiltration capacity is reduced (e.g., Planes 11, 31, and 62 in ESA and plane 32 in Arroyo Seco).

11
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Figure 4: Spatial distribution of prefire runoff coefficients across the Arroyo Seco and Eaton—Santa Anita (ESA) watersheds.

Hatched areas indicate hillslopes contributing to the USGS gauge in the Arroyo Seco watershed and a comparable cumulative area

in the ESA watershed used for calibration and comparison. The accompanying boxplot summarizes runoff coefficient distributions
235  within these hatched areas, with red diamonds representing area-weighted mean values.

3.3 Hydro-Modelling Results - Prefire and Postfire Comparison

Following calibration, AGWA-K2 simulations were conducted to represent both prefire and postfire watershed conditions
under the February 1-9, 2024 precipitation event. This period consisted of two rainfall episodes separated by a short dry
interval: an initial storm on February 1-2 followed by a more intense AR-driven event from February 4-7 and a subsequent
240 rainfall pulse on February 8-9. These sequential storms generated two distinct flood peaks. The postfire response to these two
peaks differed markedly (Fig. 5a and 5b). While the first peak exhibited only modest increases under postfire conditions
(average +2.3%), the second peak showed systematically greater amplification, with increases averaging approximately +30%.
This contrast suggests that postfire watershed changes exerted stronger influence during the later storm sequence. Such pattern
is evident in the hydrographs (Fig. 5¢) for Channels 24, 44, and 54, which are located immediately downstream of the burned

245 area. In these channels, the postfire enhancement of the second peak is evident not only in relative terms but also in absolute

12
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discharge magnitude. In contrast, the downstream Channel 84 shows a much weaker response, indicating attenuation of postfire
effects with distance from the burned headwaters. Beyond peak flows, postfire conditions also increased runoff volume. The
cumulative discharge increased by approximately 12%, 7%, and 15% in Channels 24, 44, and 54, respectively, compared to
only a 1.3% increase in Channel 84. This indicates that wildfire-induced changes enhanced both the intensity and total runoff

250 generation in areas directly connected to the burned landscape.

13
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Figure 5: Postfire changes in peak flow and hydrograph response within the ESA watershed. Panels (a) and (b) show the percentage
increase in the first and second flood peaks, respectively, across watershed channels under postfire conditions, with the red hatched
area indicating the burned region. Channel colour and thickness represent the magnitude of peak-flow increase. Panel (c) compares

255 simulated prefire and postfire hydrographs at four channels located downstream of the burned area. The blue solid line represents
prefire outflow, while the green dashed line represents postfire outflow; rainfall is shown as light blue inverted bars.
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Figure 6 presents the spatial distribution of relative differences in runoff generation between prefire and postfire conditions
(postfire minus prefire) across hillslopes and channels within the ESA watershed. A clear spatial pattern emerges: areas in
close proximity to the burned region exhibit substantially greater increases in runoff compared to more distal areas. Channels
immediately downstream of the burned headwaters (Channels 24, 44, 54, and 94) show an average runoff increase of
approximately 6% (weighted by drainage area), whereas the watershed-wide increase is about 2%. This downstream reduction
reflects the progressive mixing of runoff contributions from unburned areas, which attenuates the localized postfire effect. At
the hillslope scale, runoff response is highly heterogeneous, with increases ranging from roughly 1% to as high as 18% in areas
adjacent to the burn scar. Notably, the strongest responses are confined to burned zones, indicating that wildfire-induced

changes, such as reduced vegetation cover and enhanced soil water repellence, decreased infiltration and promoted greater

surface runoff during the 2024 AR event.
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Figure 6: Relative difference (%) in runoff between prefire and postfire conditions for hillslopes and channels in the ESA watershed.
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The red hatched area denotes the burned region, and colour gradients indicate the magnitude of runoff change.
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Figure 7 presents the relative difference (%) in sediment yield between prefire and postfire conditions across hillslopes and
channels. The maximum increase reaches approximately 71% in channels and up to 112% in hillslopes. The spatial distribution
of sediment yield changes broadly mirrors the runoff response shown in Fig. 6, with larger increases concentrated near the
burned headwaters and progressively smaller changes downstream. Channels immediately below the burned area (Channels
24,44, 54, and 94) exhibit an average increase of approximately 50% (area-weighted), compared to a watershed-wide increase
of about 22%. Notably, the relative increase in sediment yield exceeds that observed for runoff volume. This reflects the
compound effect of runoff on sediment transport through the concentration-discharge (C-Q) relationship, in which sediment
concentration scales nonlinearly with flow. As a result, the sediment yield, being the product of runoff and sediment
concentration, thus get further amplified. Mechanistically, the enhanced sediment yield near the burned region is linked to
hillslope-scale erosion processes driven by vegetation loss, soil structure degradation, and increased soil water repellency.
Further downstream, the postfire sediment signal is attenuated due to both dilution by runoff from unburned areas and in-

channel deposition and temporary storage.
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Figure 7: Relative difference (%) in sediment yield between prefire and postfire conditions across hillslopes and channels in the ESA
watershed. The red hatched area indicates the burned region, and colour gradients represent the magnitude of sediment yield

increase.

4 Discussion

This section interprets the modelled hydrologic responses within a broader compound hazard framework involving wildfire

and atmospheric river (AR) interactions. We first examine how storm duration influences postfire runoff amplification, using

historical AR records to contextualize the 2024 event. We then discuss key sources of modelling uncertainty and their

implications for interpreting runoff and sediment responses. Finally, we explore future research directions that consider the

bidirectional coupling between ARs and wildfire as mutually reinforcing drivers of flood and erosion risk.

17



295

300

305

https://doi.org/10.5194/egusphere-2026-2665
Preprint. Discussion started: 13 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

4.1 Impact of Atmospheric Event Duration on Runoff

As shown in Fig. 5, postfire flood response is influenced not only by rainfall intensity but also by event duration, as prolonged
precipitation progressively fills surface and subsurface storage and reduces attenuation capacity for subsequent runoff peaks.
To further investigate this effect, we examined the historical duration of AR events (Scale > 3) across the five Southern
California locations (points A-E in Fig. 3a) using the CW3E dataset. Figure 8a presents the distribution of AR event durations
over the 64-year record (1960-2024), comprising 169 events with durations ranging from approximately 20 to 120 hours. Most
events persist for 50-60 hours, with a near-symmetric distribution reflected by the close agreement between the mean (55.2
hours) and median (54 hours).

In comparison, the February 2024 AR event exhibited a maximum duration of 36 hours across the five locations, corresponding
to the primary rainfall episode from 4-6 February that generated the dominant hydrograph response (Fig. 5c¢), with additional
precipitation occurring before and after this core period. Because AR classification in the CW3E dataset is based on threshold
exceedance of vertically integrated water vapor transport (IVT)(Ralph et al., 2019), this 36-hour window captures the peak
moisture transport phase of the event. Only 17% of historical AR > 3 events had shorter durations than the 2024 event (Fig.
8b), indicating that 83% of comparable events lasted longer and could impose greater hydrologic loading. When considered
alongside the frequency and recurrence analysis (Sect. 3.1), this suggests that not only is the occurrence of a postfire AR event
plausible, but future events may also have longer durations than the one simulated here, potentially leading to even greater

flood impacts.
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310 Figure 8: Histogram (a) and cumulative distribution function (b) of the duration of AR events with Scale > 3 in Southern California
based on the historical CW3E record. Event durations range from approximately 25 to 120 hours across 169 events identified at the
five study locations

4.2 Sources of Uncertainty

This study provides estimates of runoff and sediment yield under prefire and postfire conditions during an extreme AR event.
315 In the prefire scenario, the simulation effectively reconstructs the hydrologic response to the February 2024 AR event. These
results offer spatially continuous insight into watershed behaviour in a system where functional hydrologic observations are

limited. Despite inherent modelling uncertainties, the simulated runoff response is consistent with observed behaviour in a
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neighbouring watershed (Fig. 4). These results are particularly meaningful because of the continuity in space and time, whereas
functional hydrologic observations are non-existent in the study watershed thus prohibits any characterization of the flood
hazard. Furthermore, the spatial patterns of postfire response (Fig.6 and Fig.7) showing stronger impacts near burned areas
and attenuation downstream align with previous findings that wildfires exert the greatest hydrological influence locally before
diminishing toward the watershed outlet due to spatial averaging and transmission losses(Sidman et al., 2016; Havel et al.,
2018). Similarly, the amplified second flood peak observed in this study (Fig. 5) is consistent with prior work documenting
delayed but enhanced postfire storm responses(Nasirzadehdizaji and Akyuz, 2022; Dilshan et al., 2025).

Nevertheless, several sources of uncertainty should be acknowledged. First, the absence of in-watershed streamflow
observations limits calibration and validation. As discussed in Sect. 2.5, model calibration was constrained to total event runoff
volumes, meaning that simulated peak flow magnitudes and timing retain greater uncertainty. Second, representation of
postfire landscape changes is simplified. Ideally, wildfire effects would be modelled through detailed adjustments to
interception, infiltration, and overland flow processes(Sidman et al., 2016). In KINEROS2, however, postfire impacts are
approximated through modifications to a limited set of parameters, including land cover characteristics, interception, and
hydraulic conductivity. While such parameterizations are widely used and form part of established AGWA/KINEROS2
workflows adopted by management agencies(Semmens et al., 2007; Goodrich et al., 2012), they inevitably simplify the full
complexity of postfire hydrologic change. Finally, structural limitations of KINEROS2 introduce additional uncertainty in
sediment estimates. The model primarily represents hillslope sheet and rill erosion and channel transport processes and does
not explicitly simulate soil loss mechanisms such as landslides or debris flows. Because such processes contributed

significantly to sediment export during the 2024 AR event(Selby, 2025), sediment yield may be.

4.3 Compound AR-Wildfire Interactions and Future Research Needs

While this study focuses on the postfire flood amplification associated with an AR event following wildfire, an equally
important cascading pathway operates in the reverse direction: antecedent AR events may precondition landscapes for
subsequent wildfire occurrence(Albano et al., 2017). For example, February 2024 AR likely enhanced vegetation growth
through increased soil moisture, which contributed to elevated fuel loads preceding the 2025 Eaton Fire after an extended
period of hot and dry conditions. Given the demonstrated frequency and recurrence of AR events in Southern California, such
AR-fire linkages may represent a recurring hazard sequence rather than isolated occurrences. This suggests a coupled hazard
cycle in which AR events promote fuel accumulation that increases wildfire susceptibility, while wildfire-induced soil and
vegetation changes subsequently enhance flood and erosion risks during later AR-driven storms. In this framework, wildfire
and AR events interact not as independent disturbances but as mutually reinforcing processes that shape regional hydrologic
and geomorphic responses.

Future research should examine how this bidirectional cascade is influenced by hydrometeorological variables such as soil
moisture memory, temperature extremes, atmospheric humidity, and Santa Ana wind patterns. Previous studies have noted

that interactions between ARs and Santa Ana winds may increase both wildfire likelihood and the severity of subsequent
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hydrologic extremes(Guirguis et al., 2023). Advancing understanding of these coupled processes could improve multi-hazard

risk assessment and inform more integrated forecasting and mitigation strategies.

5 Conclusion

This study examined the cascading hydrologic impacts that may arise when an extreme Atmospheric River (AR) event follows
a major wildfire, using the 2025 Eaton Fire as a representative case. By integrating historical AR climatology with event-based
hydrologic modelling, we quantified how wildfire-induced landscape changes could amplify runoff generation and sediment
transport under a plausible postfire storm scenario.

Our analysis indicates that strong AR events (Scale > 3) occur with a mean annual frequency of approximately 0.51 along the
Southern California coast, with a 38% probability of recurrence in consecutive years. This supports the plausibility of a severe
AR analogous to the February 2024 event to occur in the year following a major wildfire such as the Eaton Fire. Under such
conditions, postfire hydrologic responses were found to intensify near burned headwaters, where runoff volume increased by
about 6% and sediment yield by approximately 50% in channels immediately downstream of the burned area. Sequential storm
pulses during the February 2024 AR event produced two flood peaks, with the second peak exhibiting substantially greater
postfire amplification (=30%) compared to the first (=2%), reflecting reduced watershed storage following antecedent runoff.
Historical records further suggest that ARs often persist longer than the 2024 event simulated here, implying that future postfire
storms may pose even greater flood risk.

Beyond these event-scale findings, a broader compound hazard dynamic needs to be better understood in future studies.
Wildfire alters infiltration capacity and vegetation structure, increasing susceptibility to subsequent hydrologic extremes, while
AR events can both precondition wildfire through fuel accumulation and trigger postfire flooding. Together, these processes
shape watershed-scale flood risk in ways that cannot be understood by examining either hazard in isolation. Recognizing this
coupling is critical for postfire risk assessment, emergency preparedness, and watershed management in fire-prone regions.
Future work should further examine the bidirectional interactions between AR-driven moisture variability and wildfire

susceptibility to better anticipate cascading hydrologic risks under a changing climate.
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