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Abstract 

In this paper, we present an integrated wildland fire forecasting system based on combining a high 

resolution, multi-scale weather forecasting model, with a semi-empirical fire spread model and a prognostic 

dead fuel moisture model. The fire-released heat and moisture impact local meteorology which in turn drives 

the fire propagation and the dead fuel moisture. The prognostic dead fuel moisture model renders the diurnal 

and spatial fuel moisture variability. The local wind and the fuel moisture variation drive the fire propagation 

over the landscape.  

The sub-kilometer model resolution enables detailed representation of complex terrain and small-scale 

variability in surface properties. The fuel moisture model assimilates surface observations of the 10h fuel 

moisture from Remote Automated Weather Stations (RAWS) and generates spatial fuel moisture maps used 

for the fire spread computations. The dead fuel moisture is traced in three different fuel classes (1h, 10h and 

100h fuel), which are integrated at any given location based on the local fuel description, to provide the total 

dead fuel moisture content at the fire-model grid, of a typical resolution of tens of meters.  

The fire simulations are initialized by a web-based control system allowing a user to define the fire 

anywhere in CONUS as well as basic simulation properties, such as simulation length, resolution, and type 

of meteorological forcing for any time meteorological products are available to initialize the weather model. 

The data is downloaded automatically, and the system monitors execution on a cluster. The simulation results 

are processed while the model is running and displayed as animations on a dedicated visualization portal.  

 

Keywords: Fire forecasting, Plume rise, WRF-SFIRE, WRFX, wrfxpy, Coupled fire-atmosphere modeling, Web portal, 

Automatic setup 

 

 

As the resolution of the weather forecasting models increases, the fire-atmosphere interactions and 

smoke plumes that had to be treated as sub-grid-scale processes requiring a simplified treatment 

through external parameterizations become explicitly resolvable on fine model grids. Thanks to 

improved computational capabilities, operational applications of coupled-fire atmosphere models have 

become increasingly feasible. The rapid increase in the resolution of numerical weather prediction 

products observed over recent years has opened new avenues for development and implementations 

of integrated systems (e.g. WRF-SFIRE-CHEM; Kochanski et. al., 2016) that resolve in a fully 

coupled way fire progression, plume rise, smoke dispersion, and chemical transformations. In this 

paper, we present an integrated wildland fire forecasting system based on a high-resolution, multi- 

.
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scale weather forecasting model coupled with a semi-empirical fire spread model and a prognostic 

dead fuel moisture model. 

 

 

The core of this forecasting framework is WRF-SFIRE (Mandel et al., 2009, 2011, 2014a), which 

is a coupled fire-atmosphere model based on the Weather Research and Forecasting model (WRF; 

Skamarock et al., 2008) and the Rothermel (1972) fire-spread model implemented using a level set 

method to evolve the fire front on a Eulerian grid in time. WRF-SFIRE evolved from CAWFE (Clark 

et al. 2004) and it has been a part of WRF release as WRF-Fire since 2011 (Mandel et al. 2011; Coen 

et al 2013). WRF-Fire was recently selected as foundation of the Colorado Fire Prediction System 

(CO-FPS) and the level set method in WRF release was improved (Muñoz-Esparza et al. 2018). 

Fire-emitted heat and moisture fluxes computed at the fire mesh are integrated into WRF’s coarser 

mesh. The fluxes affect the atmospheric state, thereby changing local winds that drive fire propagation 

(Mandel et al. 2011).  

 
Figure 1 - Schematic of the WRF-SFIRE modeling system. 

WRF-SFIRE is also coupled to a prognostic fuel moisture model, which assesses the moisture based 

on local WRF meteorology (air humidity, temperature, and precipitation (Mandel et al. 2014a). WRF-

SFIRE is designed to simulate the landscape-scale physics of the coupled fire-atmosphere phenomena 

and focuses on the importance of rapidly changing meteorological conditions at the fire line by taking 

into account local feedbacks between the fire, fuel, terrain, and the evolving atmospheric boundary 

layer. It can be driven by operational numerical weather prediction products to generate downscaled 

weather forecasts at a resolution of several hundred meters that resolve small-scale interactions 

between, for example, thunderstorm outflows, terrain, and fire. WRF-SFIRE is capable of simulating 

large-scale, high-intensity fires, under various topographical, meteorological, and vegetation 

conditions (Kochanski et al., 2013). Through the two-way coupling, WRF-SFIRE resolves basic fire-

atmosphere feedbacks, pyro-convection, and plume rise without relying on an external plume 

parameterization. A schematic of the WRF-SFIRE modeling system is presented in Figure 1. 

 

WRF framework (atmosphere)
‣ARW atmospheric core
‣Tracer resolved in dynamical core
‣WPS preprocessing system

Fire Spread Model:
‣Rothermel fire spread model
‣Fire front tracking based on
the level set method

Fuel Moisture Model

‣drying and wetting due to 
changes in T and RH

‣wetting due to rain

Fire Emission Model:

• Emissions of passive scalars
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High-resolution fire forecast:

‣plume height
‣fire area
‣fire heat flux
‣fire intensity
‣fire rate of spread

‣fuel moisture

Standard weather forecast: 

‣wind speed and direction
‣air temperature
‣air humidity
‣precipitation
‣cloudiness etc...
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WRF-SFIRE

High-resolution smoke forecast:
‣Vertical profile of smoke 
concentration

‣Plume injection height

‣Surface fluxes of smoke emissions

SMOKE OUTPUT

METEOROLOGICAL 
DATA: 

Boundary and
initial conditions:
Atmospheric 
reanalyzes combing 
radiosonde data, 
surface weather data 
and satellite products:
- NARR, CFSR
Numerical weather 
forecasts: 
- High Resolution Rapid 

Refresh (HRRR – 3km)
- North American 

Model (NAM227 -
5km, NAM218 12km)

FIRE DATA: 
-fuel characteristics
-fuel moisture
-ignition locations
-satellite fire detections
-emission factors for 
smoke
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Figure 2 - The WRFX simulation management system. 

 

4. Description of the management system and web portal 

The WRFX system built around WRF-SFIRE enables automated real-time fire simulations and 

visualization of the model output. WRFX is a successor of an earlier prototype integrated system 

(Beezley et al. 2012). WRFX is comprised of three main modules: wrfctrl which allows the user to 

define simulation parameters and launch the forecast through the web interface, wrfxpy responsible for 

data collection, preprocessing, job submission, and visualization, and wrfxweb which displays the 

forecast on the web (Figure 2). 

 
Figure 3. The wrfxctrl module used to define simulation parameters and initiate a forecast. 
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Table 1 - Weather products integrated with the system. 

Weather product Resolution  Forecast length 

North American Model NAM 218 12 km 84 hours 

North American Model NAM 227 5 km 60 hours 

High Resolution Rapid Refresh (HRRR) 3 km 36 hours  

North American Regional Analysis (NARR) 32 km Hindcast only 

Climate Forecast System Reanalysis (CFSR) 38 km  Hindcast only 

 

 
Figure 4 - Monitoring of wrfpy job execution by wrfxtrl. 

The wrfctrl module enables the user to define the fire location, the start date of the forecast, its 

length, as well as domain configuration and the source of weather data to be used. A sample screenshot 

of the wrfctrl portal is presented in Figure 3. The forecast information provided by the user is fed to 

the wrfxpy module that performs additional steps needed to prepare the forecast. Once the fire is 

‘ignited’, wrfxpy automatically generates a set of nested domains around the defined ignition location 

and starts data preprocessing tasks and then WRF execution, which are all monitored by wrfxctrl 

(Figure 4). 
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As a first step, static data such as land use classification, soil type, vegetation type, fuel type, and 

elevation are interpolated to the model grids. The fuel and moisture data at 30 m resolution are stored 

locally as GeoTIFF files covering the whole contiguous U.S., so they can be accessed quickly without 

any delays associated with the data download from external sources. In parallel to the static data 

processing, wrfxpy acquires large-scale meteorological data, decompresses it and interpolates 

horizontally to the model grid. The currently supported meteorological sources are listed in Table 1. 

Once the data are acquired and processed, wrfxpy generates WRF input and boundary condition 

files and submits a job to the queuing system on a computing cluster whch runs the forecast. The 

forecast length is limited by the length of the weather product used to generate boundary conditions. 

The wrfxctrl module contains a catalog of previous simulations initiated in wrfxctrl, so the user can 

monitor multiple simulations and manage currently running as well as past simulations (Figure 5). 

 
Figure 5 - Managing the simulations from the webcontrol interface wrfxctrl. 

After the simulation job is submitted, the system controls the progression of the job, generates 

visualizations, and uploads them to wrfxweb. The portal enables easy access to the forecast, and 

progressively displays additional time frames as the simulation progresses, so the users have access to 

the partial forecast even before the full simulation is completed (Figure 6). The forecast includes 

variables such as 10 m wind speed and direction, 2m air temperature, fire area, fireline intensity, fire 

heat flux, surface pressure, smoke intensity, plume top height, and fuel moisture. Any of these 

variables can be displayed or hidden in the portal by turning the particular forecast layer on or off, and 

animated using the time slider. Custom postprocessing and new layers, such as the plume height, used 

in Kochanski et al. (2018) can be easily added. The simulation to be displayed is selected from a 

catalog, which provides access any prior simulation stored in the wrfxweb subsystem. 

The visualizations are also available for download as animated Google Earth files (Figure 7), where 

the simulation can be easily integrated with other information available in Google Earth format, such 

as satellite data. 
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Figure 6 - WRFX web portal (wrfxweb) showing a sample visualization of a coupled fire atmosphere forecast. 

 
Figure 7 - An animated visualization in Google Earth (2011 Las Conchas fire). 

 

The same wrfxweb portal also displays nowcast maps of the dead fuel moisture (Figure 8). They 

are computed for predefined geographical regions using the fuel moisture data assimilation system 

(Vejmelka et al., 2015), which automatically acquires and assimilates observations of dead fuel 

moisture by Remote Automated Weather Station (RAWS). 
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Figure 8 - Fuel moisture nowcasting from weather analysis and RAWS fuel moisture data assimilation. 

 

 

In order to improve models like WRF-SFIRE, which utilize large-scale meteorology for the purpose 

of operational wildfire prediction, novel solutions must be applied to faithfully represent smaller-scale 

processes. The radiation and convective heat transfer from the fire to the atmosphere, the buoyancy 

effects on the fire-line winds,  flow over complex terrain,  changing fuel types, and structures 

(including canopies or individual trees and buildings) must be accounted for while remaining 

computationally viable. The ongoing work focuses on possible solutions in the form of coupling with 

complementary, reduced-physics diagnostic models such as QUIC-EnvSim (Overby et al., 2016). In 

this approach, the WRF model would be a source of coarser-scale weather data used to drive the 

prognostic QUIC model similarly as it was done for urban simulations presented in Kochanski et al. 

(2015). This coupling would enable better representation of the small-scale flow features driven by the 

terrain and the floe under a tree canopy. Additional endeavor aims at improvement of the fire-spread 

component of the system, such as replacing the Rothermel model with the Balbi (2009) model, 

improving the fuel consumption (e.g., fuel loads) and emissiona, through the integration with fuel 

consumption models using models that account for smoldering e.g., CONSUME 3.0 (Ottmar, 2009).As 

a flexible system of transparent Python scripts, WRFX is uniquely suited for extensions and integration 

of new functions. 

The wrfxpy module can already acquire all relevant MODIS and VIIRS fire detection data for data 

assimilation. This module is currently in a transition to the new NASA https API access. The satellite 

products will be accessed by a uniform internal API, which will integrate additional data products, 

such as from GOES satellites (Koltunov et al., 2016). The visualization engine in WRFX enables an 

integration of the fire detections from various sources as additional layers. 

Thus, WRFX can serve as a hub for research and implementation of data assimilation algorithms 

for coupled fire-atmosphere modeling, such as those in Mandel et al. (2014b, 2016). WRFX already 

includes a subsystem for initializing and monitoring of coupled fire-atmosphere simulations, which 

can be extended to manage analysis cycles, and spin-up for data assimilation. The ignition data from 

dispatch systems, such as IRWIN,  and in principle even the effect of fire suppression actions can be 
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likewise integrated into WRFX. The effect of fire suppression can be already modeled by hand 

modification of fuel maps, and WRFX supports restarting of hand-modified problems. Such 

modification can be automated and integrated into WRFX data preprocessing workflow. 

The fuel moisture model with RAWS data assimilation is currently running in a standalone mode 

using Real Time Mesoscale Analysis (RTMA), which is available only for the present as a nowcast. 

Thus, the spin-up of the assimilated state has to happen in real time. In addition, the fuel moisture 

maps driven by the RTMA data can show artifacts, such as radar circles.  We plan to switch to other 

data sources including the HRRR surface layer (HRRR is a forecast only product, but 3rd party 

archives exist) in order to support historical fuel moisture analyses and integrate the assimilated fuel 

moisture with the online fuel moisture model within WRF-SFIRE. 

Both WRF-SFIRE and WRFX are publicly available at https://github.com.openwfm. The wrfxweb 

software is running at http://demo.openwfm.org provides visualization of test simulations as well as 

the near-real-time nowcasts of the dead fuel moisture. 
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