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Motivations 

• Forecasting of emissions from prescribed and wildland fires

•  Investigation of the impact of fire emissions on air quality

• Forecasting of transport and dispersion of fire smoke

• Forecasting of air quality impact of secondary pollutants 
generated from fire emissions

•  Investigation of the interaction between the fire and the 
atmosphere
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Wildfire smoke transport modeling #1 

•  There is a wide range of models that can be used for modeling of smoke 
emissions that largely differ in complexity: 
–  Box models (VALBOX) – dilution of the smoke within the mixed layer 

(assumes instantaneous and uniform mixing) 
–  Gaussian plume models (VSMOKE) provide a time snapshot based 

on constant wind speed and direction, cross-wind distribution 
assumed to be Gaussian. Vertical plume distribution and 
meteorology must be obtained externally,  

–  Puff models (CALPUFF) – smoke is represented as discrete source 
emissions released periodically during the fire event. Non-steady 
state air-quality model driven by an external source of meteorological 
data. Parameterizes buoyant plume rise, diffusion and entrainment. 

–  Lagrangian (Particle) models – smoke dispersion is resolved in flow-
following coordinate system, air parcels change their properties as 
their environment changes. 
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Wildfire smoke transport modeling #2 

–  Eulerian grid models (CMAQ, CHIMERE) – computes smoke 
dispersion on a stationary grid, take into account atmospheric 
chemistry and aerosol physics. Uncoupled with the atmospheric 
model, must be driven by a weather model. 

–  CFD models (ATHAM, WRF-Chem) – treat plume rise, transport and 
dispersion of the smoke based on the Navier-Stokes equations. 
Capture the fluid dynamics together with the plume behavior. Need 
some estimate of the fire emissions. 

–  Smoke modeling frameworks (Blue Sky) 

Fire 
Information 

Fuel Loading Consumption Time Rate Emissions Plume Rise  Dispersion 

SMARTFIRE FCCS* 
NFDRS 
HARDY 

CONSUME* 
FEPS 
BURNUP 

WRAP WF* 
FEPS RX* 

FEPS* FEPS* 
 

CALPUFF* 
HYSPLIT 
SMOKE 
CMAQ 

!
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Wildfire smoke transport modeling #3 
(smoke modeling frameworks - BlueSky) 
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Wildfire smoke transport modeling #4 

–  Fully coupled models (WRF-Sfire-Chem) – a single model simulates 
in a  coupled way: 
•  meteorology,  
•  fire spread,  
•  smoke emission,  
•  dispersion and smoke-related chemistry.  

–  Local weather conditions affect: 
•  fuel properties (temperature and moisture),  
•  fire spread and fire intensity (winds),  

–  Which in turn affect 
•   fuel consumption rates, smoke emissions and plume rise.  

–  Chemical species and aerosols may undergo in the atmosphere 
chemical reactions and physical processes, affecting the cloud 
formation, radiative processes etc. 
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Modeling of Fire-Atmosphere interactions 
WRF-Sfire 
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Large scale weather data 
from NARR reanalysis:  
• 32km-resolution initial 

conditions  
• 32km-resolution 

boundary conditions 
Static data: 
• High-resolution 

topography 
• Land Use and Soil Data 

 

High resolution fuel data: 
• 30m-resolution fuel 

description  
• 30m-resolution 

elevation data 
• times and locations of 

ignitions 
• Initial fuel moisture 

 

High-resolution 
(500m) forecast: 
• wind speed and 

direction 
• air temperature 
• air humidity 
• precipitation 
• cloudiness etc...  
 

High-resolution (20m) 
fire forecast: 
• fire area 
• fire heat flux 
• fire intensity 
• fire rate of spread 
• fuel moisture 

 

 WRF framework (atmosphere): 
• ARW atmospheric core 
• WPS preprocessing system 
 

Fire Spread Model: 
• Rothermel semi-empirical 

fire spread model 
• Fire front tracking based 

on the level set method 

FIRE-GENERATED 
HEAT AND  
MOISTURE 

WRF SFIRE  

FIRE-AFFECTED 
WINDS 

 

 

METEO INPUT 

DATA 

FIRE DATA 

METEO OUTPUT 

FIRE OUTPUT 

 

 

Fuel Moisture Model (Van 
Wagner and Pickett) 
• Drying and wetting due to 

changes in T and RH 
• Wetting due to rain 
• Explicit treatment of 

different fuel classes 

FUEL MOISTURE 
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Numerical fire spread modeling using WRF-Sfire 
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Modeling of Fire-Atmosphere interactions 
WRF-Sfire + Moisture + WRF-Chem 
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WRF Chem	
‣ tracer dispersion	
‣ chemistry of  fire-emitted 
chemical species	

WRF framework (atmosphere)	

‣ ARW atmospheric 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	

Emission of a passive scalar	

Emission of chemical species 	

     for RADM2 and MOZART	
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High-resolution fire forecast:	

‣ fire area	

‣ fire heat flux	

‣ fire intensity	
‣ fire rate of spread	

‣ fuel moisture	

Wildland fire emissions and air 
quality forecast:	

‣ smoke (tracer concentration)	

‣ concentration of: RADM2/
MOZART species	

‣ concentration of secondary 
pollutants (O3 etc)	

Standard weather forecast 	

‣ wind speed and direction	

‣ air temperature	

‣ air humidity	

‣ precipitation	

‣ cloudiness etc...	

CHEM OUTPUT	


METEO OUTPUT	


FIRE OUTPUT	




Estimation of fire emissions 

• Model has two separate grids, one for the atmospheric model and one for the  
fire model (fire mesh, and atmospheric mesh). 

• The fire progression as well as fuel consumption 
   are computed on the fine fire mesh. 
• Based on the fire fuel type, initial fuel load,  
   and the fire intensity the rate of fuel consumption 
   is computed (mass of fuel per unit time)  
• Mass of the fuel burnt is converted to emissions of  
   chemical species based on the emission factors  
   from FINN (C. Wiedinmyer 2011)  
• Fluxes of chemical species are integrated over the 
   atmospheric grid ingested into the first model layer 
• For a simple option with a passive tracer, fire emission 
   is computed based on fire heat release or fuel   
   consumption 

Fire mesh	


fire	




Estimation of fire emissions 
Albini Fuel Categories (13)	


MODIS Land Cover Types:	

• Mixed Forest	

• Shrublands	

• Grasslands	


RADM2	
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MOZART	

	

	

	

	

	

	

	

	

	

	

	

	


co 
ch4 
h2 
no 
no2 
so2 
nh3 
p25 
oc1 
oc2 
bc1 
bc2 
 

 

bigalk 
bigene 
c10h16 

c2h4 
c3h5oh 

c2h6 
c3h6 
c3h8 

ch3cooh 
ch3oh 
cres 

glyald 
hyac 
isop 
macr 
mek 
mvk 
tol 

NMOC:	

Fuel consumption rates	


FINN emission factors	


Emission of chemical 
species	


Conversion from MOZART 
to RADM2	
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Fire-atmosphere interactions 
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Integrating WRF-Fire with WRF-Chem allows for a representation of 
interesting fire-atmosphere interactions (aerosols and radiation)	
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Real setup for Santa Ana fire simulation 

ST 
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Model Setup:!
‣  Santa Ana event is a multiscale problem. We have to cover 

an area large enough to capture the large-scale synoptic 
pattern driving this event (High over Northern Nevada), but 
ultimately we need to resolve small-scale local flow near the 
fire.#

#
‣  In order to accomplish that we use the nested setup with 4 

domains:#
‣ D01 120x96 32km resolution#
‣ D02 121x97 8km resolution#
‣ D03 137x105 2km resolution#
‣ D04 185x165 500m resolution#
‣ Fire grid resolution 20m (1/25 refinement ratio)#
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Multi-scale setup for Santa Ana fire simulation 

ST 

14 



15 

Simulation of smoke emissions from 2007 
Santa Ana fires (Witch and Guejito) 500m 

in-plume concentration ~3000μg /m3 (3mg/m3)	
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Simulation of smoke emissions from 2007 
Santa Ana fires (Witch and Guejito) 2km 

in-plume concentration ~3000μg /m3 (3mg/m3)	
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Simulation of smoke emissions from 2007 
Santa Ana fires (Witch and Guejito) 2km 

in-plume concentration ~3000μg /m3 (3mg/m3)	
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Simulated smoke emission from  
2007 Santa Ana fires – WRF-Sfire vs. MODIS 
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max wind speed 32 m/s	
max wind speed 32 m/s	
WRF-Sfire 1.33km	


MODIS	
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Simulated CO emission from Witch fire  
(one of 2007 Santa Ana fires) 
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Fire CO concentration (ppmv)	


max wind speed 32 m/s	
max wind speed 32 m/s	
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Simulated NO2 emission from Witch fire  
(one of 2007 Santa Ana fires) 
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Fire NO2 concentration (ppmv)	


max wind speed 32 m/s	
max wind speed 32 m/s	
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Simulated increase in O3 concentration 
associated with Witch Fire 
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Elevated ozone concentrations in the wake of the 2007 Witch fire (ppmv)	


max wind speed 32 m/s	
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Simulated increase in O3 concentration 
associated with Witch Fire 
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Elevated ozone concentrations in the wake of the 2007 Witch fire (ppmv)	


max wind speed 32 m/s	


In the second phase of the fires, after the Santa Ana winds ceased,
most of the southwestern California was covered with smoke,
including the SMER (Fig. 2c).

Wind and other meteorological parameters at the SMER during
the October 2007 Santa Ana-driven fires significantly differed from
the background pre- and post-fire periods and from those in October
2006 (Fig. 3). Before the fires (Phase I), winds were mostly south-
westerly and occasionally northeasterly. The early phase of the fires
(Phase II), through October 24th, was marked by persistent north-
easterly Santa Anawindswith average speed of 15m s!1 and relative
humidity which dropped markedly and held to very low levels

near 10%. Thereafter, in the second period of the fires (Phase III), wind
speeds dropped and the northeasterly winds continued, but were
spelled during mid-day by onshore ventilation up the Santa Marga-
rita River canyon from the southwest. During that phase, the after-
noon relative humidity increased to w20e40% as an onshore flow
developed. It is noteworthy that during the fires, and particularly
during Phase III, solar insolationwas reduced for several days despite
the lack of large-scale cloudiness. This dimming effect was likely due
to persistent smoke and aerosols in the lower atmosphere.

Diurnal patterns in measured O3 concentrations at the SMER
were substantially altered over the course of the fires (Table 2,

Fig. 5. October 2007 O3 concentrations at SMER and selected San Diego and Riverside counties monitoring stations: (a) Banning; (b) Perris; (c) Lake Elsinore; (d) SMER; (e) Camp
Pendleton; (f) Escondido; (g) Del Mar; (h) Alpine; (i) El Cajon.

A. Bytnerowicz et al. / Atmospheric Environment 44 (2010) 678e687 683

ΔO3≈0.20ppb 

Escondido Obs.	
 WRF	


Observational data plot from Bytnerowicz et al. 2010	


Time since 10.21.2007 12Z (5:00 local) 	
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Simulated increase in O3 concentration 
associated with Witch Fire 
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Elevated ozone concentrations in the wake of the 2007 Witch fire (ppmv)	


max wind speed 32 m/s	


Fig. 5d). The pre-fire Phase I had a clearly defined diurnal pattern
with highest concentrations reaching 50 ppb in the late afternoon
and lowest levels w5e11 ppb just before dawn. During the initial
stage of the fires (Phase II), when the Santa Anawindswere present,
the daytime peaks were reduced to <47 ppb, the nighttime
concentrationswere elevated and remained>24 ppb, and the 3-day
averagewas 36.8 ppb. During the secondperiodof the intensivefires
(Phase III), when the Santa Ana winds slackened, the smoke plume
drifted over the SMER area and daytime O3 concentration gradually
increased. On the third day of Phase III (October 26), O3 reached an
hourlymaximumof 95.2 ppb, andexceeded the federal 8-h standard
of 75 ppb at 78.3 ppb. During that phase the nighttime values
decreased to 3e7 ppb. After October 26, when the areal growth of
the fires was much diminished and wind patterns returned to
normal (Phase IV), diurnal changes of O3 concentrations were
similar to those of the pre-fire Phase I, with daytime maxima of
46e54 ppb, and nighttime values dropping to 4e11 ppb. While
generally the diurnal characteristics of O3 concentration in October
2007were similar to those observed in 2005, 2006, and 2008, at the
first period of the fires (Phase II) on October 21e24, 2007 during the
Santa Ana winds, these patters were quite different (Fig. 4).

Ozone concentrations during the fires were also analyzed for the
selectedairqualitymonitoringstations in theSanDiegoandRiverside
counties. At the Banning, Perris and LakeElsinore sites (located 55km
northeast, 42 km north, and 32 km northwest of the SMER, respec-
tively), theO3 diurnal distributionpatternswere similar (Fig. 5aec) to
those observed at the SMER site (Fig. 5d). At all these sites the O3
concentrations stayed at w40 ppb during the Santa Ana winds, and
increased to w75e85 ppb on October 26 after the Santa Ana winds
stopped and wind direction changed to the southwest. At Camp
Pendleton, located about 30 km southwest of the SMER site, no

significant changes in O3 concentrations were seen, although the
October 21e27 values were slightly elevated compared with the
preceding period (Fig. 5e). At Del Mar, just 10 kmwest of the Witch
fire, highly elevated O3 concentrations reached 110 ppb on the first
dayof thefires, October 21, and thengradually diminished to<60ppb
after October 26 (Fig. 5g). In Escondido, 35 kmsoutheast of the SMER,
O3 concentrations reacheddailymaximaof>60ppbon5of the8days
after fires ignited; nighttime levels over that period were essentially
0 ppb with the exception of October 21 and 22, when 12 h average
neverdropped<32ppb (Fig. 5f). Farther south,atElCajon, elevatedO3
concentrations started on October 21 and lasted for about a week. At
that location nighttime O3 concentrations were near 0 ppb (Fig. 5i).
ThehighestO3 valueof108ppbwas recordedatAlpineonOctober22,
and elevated concentrations lasted until October 28. At that site the
nighttime O3 values were elevated during the fires and stayed
>40 ppb (Fig. 5h). Among these sites, only at Alpine, on October 23,
the federal 8-h standard was exceeded and reached 84.6 ppb.

Backward trajectories ending at the receptor sites at 1600 PST,
October 22 (Fig. 6) show that over a period of 24 h air masses moved
into southern California from central Idaho through the remote areas
of Utah and Arizona (Great Basin, vicinity of the Rockies andWasatch
ranges, Mojave Desert). For the SMER, Banning, and Lake Elsinore
(Fig. 6a) and Perris (Fig. 6b), air masses entered California near the
Nevada & Arizona border and continued moving through the remote
areas of the eastern Riverside and San Bernardino counties. For the
Camp Pendleton, Del Mar and Escondido sites (Fig. 6c), and Alpine
and El Cajon (Fig. 6d) the back trajectories were generally similar to
the previous sites, however, were positionedmore to the southwhen
airmasses entered into southernCalifornia across theArizona border.
Average 24-h O3 concentrations near those trajectories were during
that period: Yellowstone NPe 33. 5 ppb; Great Basin NPe 36.6 ppb;

Fig. 5. (continued).

A. Bytnerowicz et al. / Atmospheric Environment 44 (2010) 678e687684

ΔO3≈0.35ppb 

Del Mar Obs.	
 WRF	


Observational data plot from Bytnerowicz et al. 2010	


Time since 10.21.2007 12Z (5:00 local) 	




Fig. 5d). The pre-fire Phase I had a clearly defined diurnal pattern
with highest concentrations reaching 50 ppb in the late afternoon
and lowest levels w5e11 ppb just before dawn. During the initial
stage of the fires (Phase II), when the Santa Anawindswere present,
the daytime peaks were reduced to <47 ppb, the nighttime
concentrationswere elevated and remained>24 ppb, and the 3-day
averagewas 36.8 ppb. During the secondperiodof the intensivefires
(Phase III), when the Santa Ana winds slackened, the smoke plume
drifted over the SMER area and daytime O3 concentration gradually
increased. On the third day of Phase III (October 26), O3 reached an
hourlymaximumof 95.2 ppb, andexceeded the federal 8-h standard
of 75 ppb at 78.3 ppb. During that phase the nighttime values
decreased to 3e7 ppb. After October 26, when the areal growth of
the fires was much diminished and wind patterns returned to
normal (Phase IV), diurnal changes of O3 concentrations were
similar to those of the pre-fire Phase I, with daytime maxima of
46e54 ppb, and nighttime values dropping to 4e11 ppb. While
generally the diurnal characteristics of O3 concentration in October
2007were similar to those observed in 2005, 2006, and 2008, at the
first period of the fires (Phase II) on October 21e24, 2007 during the
Santa Ana winds, these patters were quite different (Fig. 4).

Ozone concentrations during the fires were also analyzed for the
selectedairqualitymonitoringstations in theSanDiegoandRiverside
counties. At the Banning, Perris and LakeElsinore sites (located 55km
northeast, 42 km north, and 32 km northwest of the SMER, respec-
tively), theO3 diurnal distributionpatternswere similar (Fig. 5aec) to
those observed at the SMER site (Fig. 5d). At all these sites the O3
concentrations stayed at w40 ppb during the Santa Ana winds, and
increased to w75e85 ppb on October 26 after the Santa Ana winds
stopped and wind direction changed to the southwest. At Camp
Pendleton, located about 30 km southwest of the SMER site, no

significant changes in O3 concentrations were seen, although the
October 21e27 values were slightly elevated compared with the
preceding period (Fig. 5e). At Del Mar, just 10 kmwest of the Witch
fire, highly elevated O3 concentrations reached 110 ppb on the first
dayof thefires, October 21, and thengradually diminished to<60ppb
after October 26 (Fig. 5g). In Escondido, 35 kmsoutheast of the SMER,
O3 concentrations reacheddailymaximaof>60ppbon5of the8days
after fires ignited; nighttime levels over that period were essentially
0 ppb with the exception of October 21 and 22, when 12 h average
neverdropped<32ppb (Fig. 5f). Farther south,atElCajon, elevatedO3
concentrations started on October 21 and lasted for about a week. At
that location nighttime O3 concentrations were near 0 ppb (Fig. 5i).
ThehighestO3 valueof108ppbwas recordedatAlpineonOctober22,
and elevated concentrations lasted until October 28. At that site the
nighttime O3 values were elevated during the fires and stayed
>40 ppb (Fig. 5h). Among these sites, only at Alpine, on October 23,
the federal 8-h standard was exceeded and reached 84.6 ppb.

Backward trajectories ending at the receptor sites at 1600 PST,
October 22 (Fig. 6) show that over a period of 24 h air masses moved
into southern California from central Idaho through the remote areas
of Utah and Arizona (Great Basin, vicinity of the Rockies andWasatch
ranges, Mojave Desert). For the SMER, Banning, and Lake Elsinore
(Fig. 6a) and Perris (Fig. 6b), air masses entered California near the
Nevada & Arizona border and continued moving through the remote
areas of the eastern Riverside and San Bernardino counties. For the
Camp Pendleton, Del Mar and Escondido sites (Fig. 6c), and Alpine
and El Cajon (Fig. 6d) the back trajectories were generally similar to
the previous sites, however, were positionedmore to the southwhen
airmasses entered into southernCalifornia across theArizona border.
Average 24-h O3 concentrations near those trajectories were during
that period: Yellowstone NPe 33. 5 ppb; Great Basin NPe 36.6 ppb;

Fig. 5. (continued).
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Simulated increase in O3 concentration 
associated with Witch Fire 
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Elevated ozone concentrations in the wake of the 2007 Witch fire (ppmv)	


max wind speed 32 m/s	


ΔO3≈0.40ppb 

Alpine Obs.	
 WRF	
WRF	


Time since 10.21.2007 12Z (5:00 local) 	


Observational data plot from Bytnerowicz et al. 2010	




Summary 
•  New capabilities have been added to WRF-Sfire, but not validated yet: 

•  fire smoke emission and dispersion -  tracer 
•  more detailed emission and dispersion of aerosols and chemical 

species 
•  The current way of defining emissions though the FINN global 

emission factors is very crude 
•  The conversion between the fire behavior classes and land use 

classes may introduce additional errors  
•  More detailed emission factors, with fuel characteristics are needed for 

a realistic estimation of actual fire emissions 
•  Since the model aims to capture, fire intensity, fire-induced winds, fire 

heat release, injection height and the emissions. The perfect validation 
dataset would require in-situ simultaneous measurements of the fire 
and plume properties, as well as the chemical fluxes.   
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Thank you! 
•  New capabilities have been added to WRF-Sfire, but not validated yet: 

•  fire smoke emission and dispersion -  tracer 
•  more detailed emission and dispersion of aerosols and chemical 

species 
•  The current way of defining emissions though the FINN global 

emission factors is very crude 
•  The conversion between the fire behavior classes and land use 

classes may introduce additional errors  
•  More detailed emission factors, with fuel characteristics are needed for 

a realistic estimation of actual fire emissions 
•  Since the model aims to capture, fire intensity, fire-induced winds, fire 

heat release, injection height and the emissions. The perfect validation 
dataset would require in-situ simultaneous measurements of the fire 
and plume properties, as well as the chemical fluxes.   
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