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Climate Change and Wildfire

Cumulative area burned 1984‒2015
Adapted from Abatzoglu and Williams (2016)

Studies reveal that wildfire activity will continue to increase due to 
climate change
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•L serotinous pine cones serotinous pine cones

Ecosystems Need and Are Adapted to Fire

Courtesy: Krawchuck et al., 2009.  PlosOne

Lodgepole pine serotinous pine cones, Ponderosa pine bark, Longleaf Pine
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High-Frequency, Low-Severity and Low-Frequency, High-
Severity Forests 

Ponderosa pine 
High-frequency, low-severity fires

Lodgepole pine 
Low-frequency, high-severity fires

Structural forest differences and evolutionary traits determine fire 
behavior and ecosystem response to fire disturbance
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Fire Suppression = High Fuel Density àHigh Fire Severity 

Born: 1950 
Capitan, New Mexico 

(live mascot)
 ~ 1944 USFS 
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Prescribed Fire in Action

Photo Credit: Sustainable Northwest, Steve Rondeau (Klamath Tribes Natural Resources Director). Klamath Tribes
restoration prescription and Forest Service prescribed fire (April 2021) after the 2021 Bootleg Fire on the 
Fremont-Winema National Forest. 
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Our ‘natural’ ecosystem reference point was always managed 
or in transition from that managed state

23,000- to 21,000-year-old footprints, 
White Sands, New Mexico

Late 19th Century Fire-Dependent 
Forests
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Prescribed Fire Prevents Ecosystem Transition, But Is 
Understudied

Science-driven 
prescribed-fire 

framework

High Carbon
Stability

Low Carbon
Potential

No prescribed fire,
high risk of 
severe fire

Frequent fire forest structureHigh-severity fire ~ ecosystem transition

High Carbon
Low Stability

Fire-suppressed forest 
structure 

• Wildland fire science has been focused on high-severity wildfires but does not address prescribed fire conditions.
• Prescribed fire takes place in marginal burning conditions where forest structure, fuel moisture, etc. have outsized 

controls on successful application. 

• Success of prescribed fire depends on a new science basis and more sensitive model applications. - Heirs et al., 
2020. Fire Ecol 16, 11 (2020). https://doi.org/10.1186/s42408-020-0070-8 
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•Changing Fire 
Conditions
• CLIMATE: Temperature, 

precipitation (hot 
droughts).

•Empirical models of 
the past, such as 
Rothermels and van 
Wagners are outside 
of their validation 
range.
• Fire Models: BEHAVE, 

SpitFire-FATES, etc. are 
all combinations of 
Rothermels and van 
Wagner   

Longleaf Pine Forest

We Are Here

Climate Change is Breaking Empirical Fire Models

Rothermel & van Wagner 
developed (1973)



10 | Los Alamos National Laboratory LA-UR-24-20643

Swapping out the empirical models with 
mechanistic approaches

𝐼! = 𝐶𝑧ℎ "/$
Van Wagner Crown Combustion Model (1975)

R= %!& '"('#
)$*+%&

Rothermel Fire Spread Model(s) (1972)

𝐼, = 𝑅-𝑤.𝑙/ ℎ0 =
3.94𝐼 ⁄2 3

0.107𝐼 + 𝑈" ⁄4 $ 60 − 𝑇

Van Wagner Crown Scorch Model (1973)

What exactly is C?  
Is 3.941 constant everywhere?
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Swapping out the empirical models with 
mechanistic approaches

FIRETEC – 3D Navier-Stokes Fluid Dynamics
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Mechanistic Approach: Crown Scorch

Crown Scorch
Potential Scorch

Solid temperatures above 60 degrees C 
assume crown scorch 
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Compare to Van Wagner’s Data & Model

Validation of Crown Scorch Modeling 
Van Wagner 1973

Simulating a hotplate along the surface
 to control for energy intensity
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Buoyant Plume Dynamics
Buoyant Plume Dynamics Create Crown Scorch Variability

W – Velocity wind structures show 
hot air moving up.
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Forest Structure & Crown Scorch Resiliency

3D simulation capabilities identify resilient forest 
structures that can build ecosystem resiliency.



16 | Los Alamos National Laboratory LA-UR-24-20643

Disturbance and Response-Modeling Framework
ØSimulates ecohydrology 

response to fire disturbances.
ØLoops fire disturbance and
   ecohydrological response to
   simulate future fire  
disturbances and ecosystem 
trajectory.

Traditional Succession model

Disturbance & 
Ecosystem 
Response 
Framework
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Forest structure bakes in fire 
resiliency.  

Fire #1:
Moderate Intensity
Kills a lot of Trees

Fire #2:
High Intensity

Most Trees Survive

Fire Impacted Fire Excluded Fire Resilient 

Fire 
Excluded

Fire Resilient

Forest Structure Matters! 
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Forest Structure Matters! 

More intense 
surface fire!

Small but effective increase in 
convective cooling in canopy!
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Testing Prescribed fire Return Intervals

19

3 Year Fire Return Interval 

6 Year Fire Return Interval 

Ø We see characteristic forest structures develop that reflect fire return intervals and 
become more resilient with increasing fire intensity. 

Ø Provides a way to measure forest structure resiliency to wildland fire as a result of 
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Fuel Moisture Loading and Fire Behavior:  Coupling 
Hydrology to Fire

1) Live fuel moisture.

 
- Species response to soil water.
- Ecosystem characteristic.  

2) Dead fuel moisture & canopy water storage. 
 

- Amount of water held in the canopy.
- Determined by weather & vegetation structure. 

Hydrologic Models informing Fire Behavior models. 
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The most innovative aspect of this model is its ability to describe the temporal variation of a plant’s water status (water
potential and water content) beyond the point of stomatal closure. Under these extreme stress conditions, the model
simulates the residual transpiration flow through the cuticle, cavitation processes, and the solicitation of the plant’s water
reservoirs. Hence, the model allows tracking water quantities in the different plant organs and compartments. The
objective is also to model these processes both for plants under controlled conditions, as well as under natural current
and future conditions. The SurEau model is primarily a hydraulic model computing water flows. It can be combined with
simplified photosynthesis, energy budget, and growth modules, but those are not described here.

The soil-plant-atmosphere system is segmented and described using different linked hydraulic organ compartments
exchanging water fluxes called computational cells, or simply “cells” (Fig. 1). These fluxes are determined by gradients
of water potential between cells and hydraulic conductances of these cells. The water quantity of each cell is therefore
described as a result of incoming and outgoing fluxes; and the water potential of each cell is computed with the
appropriate formulation according to the nature of these cells (soil, symplasm, apoplasm): (i) a water retention curve for
the soil (Van Genuchten 1980); (ii) a pressure-volume curve for the symplasm (Tyree and Hammel 1972), which
expresses the relationship between water content and water potential; and (iii) a vulnerability curve to cavitation and the
capacitance in the case for the apoplasm (Cruiziat et al. 2002). In order to explicitly model the dynamics of the system,
the model is integrated over a very small time step (dt), on the order of milliseconds, to avoid numerical instabilities
associated with the Courant-Friedrichs-Lewy condition (CFL, Dutykh 2016).

Fig. 1

Idealization of the soil-plant-atmosphere continuum in the modelling framework of SurEau. The plant is described as a
network of conductances and capacitances. A represented the whole architecture of the model. B and C show the
formalizations for leaves and roots, respectively

AQ6

In this paper, we aim to (1) provide a full description of the model principles and equations, (2) show typical outputs
simulation, (3) demonstrate the ability of the model to simulate key hydraulic variables under extreme drought (water
potential, embolism) using a validation dataset collected on an extreme drought experiment on temperate oak (Cochard
et al. 1992), and (4) show the sensitivity of key model outputs to future climate and to trait plasticity in response to
elevated CO .2
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Hillslope Live Fuel Moisture

Stream boundary condition

Caleb Adams
graduate Student (UT 
Austin)
DOE graduate Student 
Fellowship
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High density forest results in a canopy fire, where as low density forest results in low 
intensity surface fire.

Canopy fire is a result of 1) lower fuel moisture loading and 2) increased ‘ladder’ 
fuels.

Results: Compare Low Density Forest Fire to High Density Forest Fire

Low Forest Density High Forest Density

Wind direction 6 m/s @ 25m height
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Results: Live Fuel Moisture Gradient Drives Fire Spread & Intensity 

High Forest DensityHigh Forest Density Fuel Moisture Loading [-]

0 10.5

Fire moves up hill due to decreased fuel moisture loading (fire simulation neglected 
topography, but hydrological simulation accounted for topography). 
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Solar heating exerts strong controls on fuel moisture loading in 
humid forests. ~ Kreye et al., 2018
 Determined by weather and vegetation structure. 

● Step 1) Find all locations in domain where fuel casts shade.

● Step 2) Sum all shade being cast on fuel for given time step.

● Step 3) Simulate surface energy balance for each cell with fuel 
using meteorological data.

Litter Layer

𝟎 = 𝟏 − 𝜶 𝑸𝑺𝒉𝒐𝒓𝒕𝑾𝒂𝒗𝒆 + 𝑸(𝑻𝒔)
𝑳𝒐𝒏𝒈𝑾𝒂𝒗𝒆𝑵𝒆𝒕 + 𝑸(𝑻𝒔)

𝑳𝒂𝒕𝒆𝒏𝒕𝑯𝒆𝒂𝒕 + 𝑸(𝑻𝒔)
𝑺𝒆𝒏𝒔𝒊𝒃𝒍𝒆𝑯𝒆𝒂𝒕

Dead Fuel Moisture: Canopy Energy Balance Model
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Evolving Fuel Moisture & Forest Structure

Fuel Moisture [-] Fuel Temperature [C]

Dead Fuel Moisture
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Optimizing 3D landscape forest 
structure to maximize hydrologic 

gains: A proactive approach to 
mitigate climate change on western 

landscapes
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Optimizing the Use of Prescribed Fire for Carbon, Water, & Fire 
Risk

Terrestrial Carbon 
Stabilization

Wildfire Risk

Water ResourcesOptimize 
Landscape 

Services & Forest 
Structure

● How does forest structure influence 1. ecosystem stability (carbon storage), 2. water 
resources, and 3. wildfire risk?

● How do we optimize for these ecosystem services?  
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