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* Background
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— The impact of smoke
* Characterizing fire risks (fire safety)

* Characterizing environmental risks (ozone impact)



Wildfire vs prescribed fire



Fire is a naturally occurring process in the prairie—grassland
ecosystems of the U.S. Great Plains. While fire can play a
beneficial ecological role, unplanned wildfires are destructive
natural hazards.

Prescribed fire has been used as a tool for maximizing socio-
ecological benefits while minimizing the harmful impacts of
uncontrolled wildfire.

However, perceived risks and concerns about legal liability
continue to hinder its wide-spread adoption.

It 1s crucial to reduce the barriers to safe, effective, and
collaborative implementation of prescribed fires.



The Great Plains includes_portibns of 10 statesv (Montana, Noﬁh Dakota, Wydming,
South Dakota, Nebraska, Colorado, Kansas, New Mexico, Oklahoma, and Texas)
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Wildfire summary in the Great Plains by state (1992-2020)

Total Fire Total Burned ‘\feaBurned per Average Fire Average Fire

State Count Area (ha) (Tho&{seaalz d ha) Size p(ﬁl;)Count Count per Year
Colorado 68,313 1,379,834 48 20 2356
Kansas 18,275 562,291 19 31 630
Montana 51,804 3,312,605 114 64 1786
North Dakota 19,834 198,103 7 10 684
Nebraska 11,625 441,661 15 38 401
New Mexico 43,466 2,994,334 103 69 1499
Oklahoma 48,495 2,339,363 81 48 1672
South Dakota 36,165 718,740 25 20 1247
Texas 179,791 4,818,406 166 27 6200
Wyoming 19,981 1,353,126 47 68 689
Total 497,749 18,118,463 625 36 17,164

Wildfire data were obtained from the Fire Program Analysis Fire Occurrence Data-base



Trends in wildfire frequency and burned area in the Great Plalns,
1992-2020

Wildfire numbers
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Average wildfire size per incident
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Average annual burned area
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Long-Term and Mid-Term Risk Factors

* Keetch—Byram Drought Index (KBDI): a slow-response
drought index developed by the USDA Forest Service to
quantify seasonal soil moisture depletion. Range: 0 to 800,
representing the amounts of rainfall required (from 0 to 8
inches) to return the soil to saturation.

* Grassland curing: the proportion of dead material within a
grassland fuel complex. Range: 0 to 100%, with 0%
representing premature, green grass, and 100% representing
fully cured, dry grass.
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Wildfire nunmbers in Oklahoma

Wildfire numbers and grass curing in Oklahoma
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Short-Term Risk Factors

* Dead fuel moisture content (DFMC): largely determined by
daily relative humidity and temperature fluctuations, play a
critical role 1n fire 1gnition and spread (optimal DFMC: 7-20%)

 Wind speed (optimal sustained wind speed: 8 - 29 kmh'!)

We aim to integrate all the long-term, mid-term, and short-term
risk factors into a comprehensive fire risk assessment tool for both
wildfire response and prescribed fire planning.



Mean wildfire size vs. DFMC (a) and 10-m
sustained wind speed (b) in the Flint Hills region
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wildfire area burned (ha)
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Comparison of the total area burned and the wildfire
area burned in the Flint Hills region
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Prescribed fires in the Flint Hills region
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The impact of smoke



Smoke is mainly a product of
incomplete combustion

CO, and H,O
Complete * Unburned fuel or fuel
combustion degradation products such

as aromatic hydrocarbon

 Partially oxidized products
such as CO

Incomplete
combustion

22



Smoke and air quahty

‘ 70 90% PM2 5

{ Organic
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Observed concentrations in literature NAAQS
Air pollutants 24-hr

At the fires At downwind communities standards

PM, 148-6865 pg/m? 63-400 pg/m?’ 35 pg/m’
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PM, s (ng/m?

@)

Five PM, . source categories at the Tallgrass site
(Results from Unmix receptor modeling)
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Five PM, . source categories at the Tallgrass site
- (Results from PMF receptor modeling)
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PM, 5 (ng/m?)

24hr PM, 5 standard
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— Tallgrass site

— Kansas City site

In April, on average,

smoke contributed

4.4 ng/m?’ at Tallgrass site, and
1.1 ug/m? at Kansas City site.




Human hair (50-70pum)

e (Can reach deeper into
human respiration system

* Size near the wavelength of
visible light (0.4-0.7um) can
efficiently scatter light and
reduce visibility.

PMI10 PM, .
(10pum) (2.5um)



Observed mixing ratios in literature NAAQS

Air pollutants : {2 8-hr
At the fires At downwind communities i

O, - Up by 50 ppb 70 ppb

* Strong oxidant that damages cells lining the respiratory system
 Cough

* Sore or scratchy throat

* Pain with deep breath, or chest pain

* Fatigue
» Aggravation of lung diseases @m
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: Formation of O,

Existing
Smoke pollutants in air
(VOCs 4= NO,) (VOCs, NO,)




Evolution of 0, standards

8-hour 1-hour
1979 120ppb
1997 80ppb
2008 75ppb

2015 70ppb
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Consequences of nonattainment

. 4

Transportation Contingency
Plan (SIP) COIlfOI'mity measures
Enhanced emissions « Potential for loss of * Expanded burning
inventory highway funds and restrictions
Photochetcal restrictions on how
modeling highway funds can
be spent.

Economic development
curtailed



Characterizing fire risks



Seasonal pattern of wildfire activities

* In general, a bimodal seasonal distribution of wildfires has been
reported across the US, with a primary peak in August and a
secondary peak in April.

* Seasonal wildfire patterns vary geographically and are influenced
by differences in land cover.
» In the western Great Plains, wildfire occurrences typically peak in summer .

* In the eastern Great Plains, peak wildfire activity occurs in spring .

* In the Flint Hills region, the spring and fall wildfire peaks
occurred in late March and late October respectively.



Multi-year average seasonal fire risk ratios
as affected by grass curing and temperature

——Smoothed temperature (°C) ——Grass curing (%) ==Seasonal fire risk ratio
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Framework of wildland fire risk assessment

Seasondl fire risk rafio =

!

Multi year average daily burned area (smoothed) |

Total land area

&
Tem perature Grass curing
T Fy
Weather data Fuel data Wildfire data
1R LrosAmE Mesonet Station Forest S ervice

Wind speed

DFMC

Dailv fire risk ratio =

l

Y

Daily wildfire burned area

A
Overal wildland fire nsk rafio = Daily fire risk ratio * Seasonal fire risk ratio

'

Multi year average daily burned area(smoothed) |
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Date? Gra.ss Landscape Features Photo?
curing
Close Grass is fully cured. Stalks are
dry and bleached, seed heads
Before Jan 3rd to .
are empty, and stems are brittle
100% . .
with no moisture.
The landscape is still largely dry
Dry Mar 1st - 2nd 90% and straw-colored, with early
phase signs of green-up.
Mar 15t - 16t 70% The landscape remains mostly
dry and straw-colored.
Green-up is at the midpoint. The
Transition Apr 15t — 16t 50% landscape has a mix of cured
phase and uncured grasses.
May 10th -11th 30% All grasses are almost green.
Green
phase
Less
After Jun 23+ than All the grass is fully green.
10%

13-



Modelled DFMC {Qur Proposed model)

The DFMC Sub-Model

DFMC=exp(1.313+0.020RH-0.009T)

RH is relative humidity (%) and T is air temperature (°C)

Compare the performance of the three DFMC empirical models

R* = 0.88
.| RMSE = 1.82%
MAE = 1.37%

" Reported DFMC

Modelled DFMC (Marsden-Smediey)

=]

R’ = 0.65 _
RMSE = 5.35% .
MAE = 4.42%.

L0 15% £ 0 29%
Reported DFMC

Madelled DFMC [McArthur)

R* = 0.51
RMSE = 4.06%
MAE = 3.39%

15r% 15% £ 0% |
Reported DFMC




Our Proposed Fire Risk Index

Seasonal fire ] The grass curing sub-model
/ risk ratio J (day of year, KBDI)
Fire risk

ndex ” , )

\ The dead fuel moisture sub-model
Daily risk % (daily T, RH) i
ratio \ - N

Wind speed




Our Proposed Fire Risk Index

Wind
velocity

index : Dead fuel moisture :

measures Grass curing

\ J

Moisture r N
<—_—.
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Existing Fire Danger Indices

e Burning Index (BI):

— Used in the National Fire Danger Rating System (NFDRS), derived from a
combination of Spread Component (how fast it will spread) and Energy Release
Component (how much energy will be produced).

— Indicates fireline intensity and suppression difficulty, linearly related to fire length

— Weak relationship with fire occurrence and burned area, outperformed by models
using direct environmental variables, particularly wind and moisture.

* Grassland Fire Danger Index (GFDI):

— Widely accepted in operational fire management in Australia

GFDI = 2exp (-23.6 + 5.01In(C) + 0.038T — 0.226(RH)'2 + 0.633(U)12) - Noble et al. 1980
GFDI = exp (0.0217-0.009432(100-C)!536+0.02764T-0.2205 (RH)"2+0.6422 (U)'2) - Purton, 1982




Compare the Performance of the Three Fire Danger Indices

Binary logistic regression
was applied to each index,
with model performance
evaluated using the Area
Under the ROC (Receiver-
operating characteristic
curve) Curve.

True Positive Rate

0.8

0B

0.4

0.2 4

0.0 4

ROC Curve Comparison for FireDay Prediction

J —— Wildfire Risk (AUC = 0.820)

e p—
Burning Index (AUC = 0,762) r _'_'_r"'
—— Australian GEDI (AUC = 0.759) FHH|—
-=- Random classifier :_"_,_,—:—' a
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T T T ] T
0.0 0.2 0.4 0.6 a8 1.0
False Positive Rate



J'-Fe’;"%?-." *
b o By 3 Ac e e a




Publications

George, M.B., Liu, Z. and Okafor, I1.O., 2025. Modeling Moisture Factors in
Grassland Fire Danger Index for Prescribed Fire Management in the Great
Plains. Fire, 8(12), p.469.

Liu, Z., Okafor, 1.O. and George, M.B., 2025. Characterizing Risks for Wildfires
and Prescribed Fires in the Great Plains. Fire, 8(6), p.235.

Okafor, 1.O., Liu, Z. and George, M.B. 2026. Quantifying fire risk for strategic
grassland management in the Flint Hills region of the Great Plains. Fire. Under
review.



Characterizing
environmental risks
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O, regression models without fire effects

R?=0.66 to 0.76

1 O;(d) = ¢;+c, sin (zn(::%))

+c; [O; on the previous day]
+c, [ Alr temperature]

+c5 [Solar radiation]
-C¢ [ Relative humidity]

-c, [Wind speed]
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Avg. daily burned acres (million)

The maximum 8-hour O; mixing ratios in the Konza
Prairie site and the corresponding average daily
burned area in the Flint Hills region (2002-2013)
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O, regression models considering fire effects

03(d) =

42.9 + 0.26303pre + 3.16 sin

(27T(d + 283)
— 0.54V

365 > + 40.34 + 0.28T — 9.22C — 12.3RH

* O3, 1s maximum 8-hour O; mixing ratio on the previous day in ppb;
* d corresponds to the day of the year;

» A s the daily burned area in the Flint Hills region, in million acres;

» (C is the day-time average cloud cover, ranging from 0 to 100%:;

» RH is the day-time average RH, ranging from 0 to 100%;

* T is the day-time average air temperature in °C;

* Vs the day-time average wind speed in m's™!.



50

Modeling O; (ppb) in April

Fire count

O; on the previous day

Daily maximum air
temperature

Solar radiation
Wind speed

Relative humidity

April average
82+166

55+11 ppb
20.7£5.5 °C
607+304 Langley
4.1+£2.0 m/s

6714 %



When is the best time to burn?

Safetu{® Vn P
Fire safety Avoid high O,

n Q - 5
Aot A
VY Y g’ IO i
‘\A N ‘-,‘J‘;;"’I(“ 2 = ‘i ‘ -_' 4)

Management objectives Sensitive populations




Does burning have to be restricted to
a narrow window in April?

* Forage production

* Plant composition

* Woody species

e Soil moisture

* Animal performance

(McMurphy and Anderson, 1963; Owensby and
Anderson, 1967); little statistical basis

Burn earlier in the spring increases cool-season
grasses and has little impact on warm-season grasses

No scientific data indicated April burning 1s superior;
frequent burning 1s most important

Much of the data are equivocal

Only one problematic study (Anderson et al., 1970);
potentially misleading

(Ilowne and Craine, 2016)



Burning outside the traditional burn season?

* Although early studies considered any increase in cool-
season grasses as undesirable, that response could

actually be beneficial.
(Towne and Craine, 2016)

* A mix of fire seasons, may be necessary to maintain
prairie diversity.
(USDA, 2009)

* Most land management objectives can be achieved

with growing-season burns.
(Weir et al., 2011)



Grass Curing (o)

How many days are actually
available to conduct prescribed burns?
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Our Goal

* Develop a prescribed burn decision tool that integrate the fire
risk index and O, risk index, and define optimal and marginal
burn conditions considering the two indices.

This research was funded by National Science Foundation,
grant number 2306603 (SCC-IRG Track 1: Smart and Safe
Prescribed Burning for Rangeland and Wildland Urban
Interface Communities).
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