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ABSTRACT:

Post-fire flooding and erosion can pose a seribusat to life, property, and municipal water sueglilncreased peak flows and
sediment delivery due to the loss of surface cawef fire-induced changes in soil properties argreht concern to both resource
managers and the public. To respond to this thietdisciplinary Burned Area Emergency Respoi&HR) Teams are formed
to assess potential erosion and flood risks. Thieams are under tight deadlines as remediationspdaudl treatments must be
developed and implemented before the first majomss in order to be effective. One of the primaoyrses of information for
making these decisions is a burn severity map eerirkom remote sensing data (typically Landsat)) tbéects fire induced changes
in vegetative cover and soil properties. Slopdsstand cover, and climate are also important etars that need to be considered
when accessing risk. Many modeling tools and dégasave been developed to assist BAER teams, boeps-based and spatially
explicit empirical models are currently under-agid compared to simpler, lumped models becauseatieelyoth more difficult to set
up and require spatially explicit inputs such agtdl elevation models, soils, and land cover. Weworking to facilitate the use of
models by preparing spatial datasets within a weted tool that rapidly modifies model inputs udingn severity maps derived
from earth observation data. Automating the creatd model inputs facilitates the wider use of maceurate, process-based

models for spatially explicit predictions of pogeferosion and runoff.

1. INTRODUCTION

Being prepared for an emergency situation is ingrdrtForest
and rangeland wildfires not only cause emergentyasons
while the fire is active, but can also cause emmigs in the
year or two following a wildfire. Once the dangdram active
wildfire has passed, land managers must rapidlgsasshe
threat from erosion, now heightened due to the logs
vegetation and litter layers from the forest fleamd changes in
soil properties. Forests are highly valued as ptots of
watersheds and reservoirs because the canopy eadesoover
protect forest soils from erosion (Robichaud 20@@pdy and
Martin 2001). After a wildfire post-fire floodingna erosion
can threaten lives, property and water suppliesodihg after
the Buffalo Creek Fire in Colorado resulted in tieaths of two
people and sediment from this fire reduced Denvexisicipal
reservoir capacity by roughly a third (Agnest al. 1997).
Similar losses of life and/or damage to propertyemeported
from floods near Colorado Springs following the 20&/aldo
Canyon Fire and in Boulder, CO following the 2018uFMile
Canyon Fire. Similar problems are faced downstreamany
other fires throughout the western U.S., Canada Aarstralia.

The hazards of flooding due to increased runoff debris-
filled flows are of special concern near the witdlaurban
interface, cultural sites, municipal water sourceas, and
sensitive habitats (Robichaud and Brown 2000; Moady
Martin 2001, Cannort al. 2010). Planning the mitigation of
these threats is undertaken by interdisciplinaryfEBATeams
who work diligently to estimate erosion and flodskrin order
to prioritize treatments to protect watersheds dadnstream
values at risk including life and property (Parsenal. 2010).

* Corresponding author.

BAER teams must quickly assess the burn scar byimgput
the areas of high, moderate, and low severity ideorto
prioritize treatment areas. Slope, climate, andtioo are also
important factors in determining risk (Renaet al. 1997;
Pietraszek 2006). A severe wildfire can have sudramatic
impact on watersheds that remediation work is oftétiated
on burned areas before a fire is fully extinguished

The complexities and uncertainties of erosion psses
following wildfires and the high cost of mitigatiofup to
$5,000 per ha) require managers to make toughidesisshen
it comes to addressing post-fire effects. It is matommon for
several million dollars to be spent on post-firetigaition
following a wildfire. Earth observations of burnveeity are an
important component in remediation planning (Passeinal.
2010), but there are also many modeling tools Hoilassist
land managers (Elliogt al. 2006, 2010 and 2013; Renschler
2003). Spatially explicit and physically based misdare
currently being under-utilized as they require igpuhat
depend upon the spatial distribution of burn séyeri
topography, vegetation and soil. In order to inseeghe
adoption of these models we are building an ontiatgabase
that will provide spatial data and input parameteffie
database includes spatial tools to rapidly updapeuti layers
with post-fire earth observations of burn severity.

The overall objective of the online database ipravide end-
users (BAER Team specialists, land managers amdinasers)
with the basic tools and spatial data needed torpurate
remotely sensed earth observations into procesdbamsion
models. End users may select a historical fire haytcan
upload a new burn severity map into the databaseceO
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uploaded, the burn severity map is combined withetation
and soils datasets and then delivered to the usefopmatted
for modeling. Improving the accessibility of bothodeling
capabilities and the required data sets will lead better
assessment tools for forest managers, researchdr8AER
Teams.

1.1 Post-fire Erosion Processes

Wildfire reduces or totally removes canopy, inchegsthe
exposure of the soil surface to raindrop impact avidd.
Normally forest soils are covered with duff (fresind
decomposing leaf litter and organic debris) (EJIi®013). The
amount of ground cover after burning is a primaoytool on
post-fire erosion rates (Benavides-Solorio and Macid
2005) and is an essential input to any post ficsien model.
Wildfire reduces this ground cover, exposing stilgaindrop
impact and wind erosion. Raindrop impact can dgstoil
aggregation and detach sediment. When combinedsiviatiow
overland flow, this shallow runoff can transporhéi soil
particles and ash to macropores decreasing itidtrarates,
and increasing runoff and erosion. The loss ofamgrfcover
also increases rill erosion and on steep slopesaggnavate
mass failure as surface woody material and belawrt root
networks no longer stabilize steep slopes (Rei@d020The loss
of forest vegetation will lead to decreased evappiration,
increased soil water content, and decreased raoengih,
increasing the risk of runoff, flooding and landsis when soils
are saturated (Reid, 2010). The hot gases gendsgtbdrning
duff can coalesce around soil particles, makinglssoi
hydrophobic, increasing the risk of high runoff asdrface
erosion (DeBano, 2000). The heat of the fire cao aestroy
soil structure, making soil particles more easigtathed or
erodible.

Upland erosion frequently exceeds the ability ofvdstream
channels to transport the sediment delivered fromnéxd
hillslopes, so river valleys and high elevationergsirs are
frequent sites of considerable deposition. Much tbé
deposited sediment is routed downstream in yedimving the
fire when stream flows are high (Elliot, 2013).

Modeling tools are needed to help prioritize expens
remediation treatments, predict impacts of thettneats in
order to justify their costs and to increase urtdeiding of fire
effects on watersheds. Several wildfire effectsense the risk
of soil erosion from surface water, wind, and nfadare.

1.2 Earth observations of burn severity

The sudden changes to a watershed brought aboatlarge
wildfire need to be quantified. Therefore, one loé first and
most important priorities of a BAER Team is the elepment
of a burn severity map that reflects fire induckdrges in both
vegetative cover and soil properties. Currentlyséhenaps are
known as Burned Area Reflectance Classification REA
maps and they are typically generated by the UgpaBiment
of Agriculture (USDA) Remote Sensing Application rer
using multi-spectral earth observation data (Parsbal. 2010;

The NBR ratio is:

NBR = (Rur = Rswir) / (Ruir + Rswir) 1)

where  Ryr = satellite reflectance in the near-infrared
Rswir = satellite reflectance in the shortwave-infrared

Next the change in NBR between the pre- and post-fi
condition is calculated by:

@)

After the fire, reflectance in the NIR band decemasvhile
reflectance in the SWIR band increases. The chaimgB8R
highlight changes wrought by the fire (Eq. 2). Talgorithm
assumes the NBR in the unburned areas is unchamgethat
climatic and moisture conditions are similar forttbghe pre-
and post-fire images. The dNBR is strongly positiee fire-
stressed areas and strongly negative for regiopsriencing
enhanced re-growth due to the fire. Resulting dNiBRges are
classified into unburned, low, moderate, and higimtseverity
with  varying threshold levels. When possible field
measurements of soil burn severity are collectedriter to
ascertain and verify threshold levels, as they eary with
vegetation (Elliotet al. 2006; Parsonet al., 2011), but this is
often not the case. Sometimes the burn severityiméye only
estimate of burn severity available. When the BAERm has
time to adjust the BARC map based on soil condititirthen
becomes a soil burn severity map (Fig. 1). Idealwoil burn
severity map is used to create spatial model inputs

dNBR = NBR)refire' NBRpostfire
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Figure 1. Soil burn severity map of the French Fire
California, the pre-fire image was collected by dsat 8 on
July 26, 2014 and the post-fire image was collebiethe

RSAC, 2011). Many algorithms exist for mapping burn Earth Observing-1 Advanced Land Imager on Augugod4.

severity, but the most widely accepted algorithm the
differenced Normalized Burn Ratio (NBR) algorithitef and
Benson, 2006) which has been shown to be well lzdee with
field measurements of burn severity (Bobbe et #1012
Robichaud et al. 2007).

Landsat TM is typically the sensor of choice for B®@
mapping, therefore Landsat 8 with its spectrallynpatible
OLI sensor is very important to the BAER communftgwever
however other imaging platforms such as SPOT, ASTER
MODIS, VIIRS and multi-spectral aerial imagery che used
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as well. For large fires, resources are prioritizedcreate
BARC maps as quickly as possible so that BAER teaars
begin assessing the burn area and, if needed, pegiitizing
treatments.

1.3 TheWater Erosion Prediction Project (WEPP)

The online database currently provides comprehersiypport
for The Water Erosion Prediction Project (WEPP) #klod
WEPP is a physically-based soil erosion model aged by an
interagency team of scientists (Laflen et al. 199Re surface
hydrology component of WEPP utilizes climate, togpqdny,

soil, and vegetation parameters to predict plaotvgr, residue
decomposition and soil water balance on a dailg tatep, and
infiltration, runoff, and erosion on a storm-by+sto basis.
WEPP then can provide runoff, erosion and sedirdefivery

by event, month, year, or average annual valueirer periods
ranging from 25 to 100 years, for either an indixdtlhillslope

or a watershed made up of many hillslopes and &ann

WEPP technology includes two versions, a hillslgpesion to
estimate the distribution of erosion on a hillslopnd a
watershed version that links hillslopes with chdsrend in-
stream structures to estimate sediment deliveryn fismall
watersheds (under about 5 square km). A Windovesfatte is
available for both the watershed and hillslope iees of
WEPP. Additionally, Forest Service scientists hdeegeloped
user-friendly online interfaces for the hillslopersion to model
forest hillslopes, road segments, and hillslopeliotE2006;
Elliot et al. 1999; Robichauet al. 2007a) following wildfire.
The two main hillslope tools available for posefanalysis are
Disturbed WEPP, which predicts average annual senfanoff
and erosion values, and the Erosion Risk Managemeat
(ERMIT) that predicts the probability associatedthwithe
sediment delivery from a single runoff event (Elli2006,

NRCS SSURGO soils database, and SSURGO coverage is
incomplete, particularly in remote forest watershed

2. POST-FIRE EROSION DATABASE

Our online database is being designed so thanibeaused by
both GeoWEPP and the online GIS WEPP tool. We bis@
plans to support additional models by providingkitidity in

the format of the model inputs and we are lookint iother
commonly used models and their data needs. Foettdsother
purposes, we are developing an open source welttbase
application programming interface (API), which willow a
remote computer to automatically download our sppa/EPP
data products.

Spatial coverage of the online database is expgn@iail, land
cover, and elevation data along with burn sevdaityhistorical
fires in  Colorado are now online and available
(http://geodjango.mtri.org/geowepp/). Users cahegiupload a
new soil burn severity map into the database oecseh
historical fire. Soil coverage for California isargy complete
and may soon be complete for Idaho pending further
collaboration. Once the soil burn severity mapnighe online
database it can be combined with land cover anddstisets

on demand in order to generate the spatial mogeitsnneeded
for hydrological modeling of burn scars. Model itpwan be
created to represent the fire area both in its ddirand
unburned state. Users download three spatial lageits, land
cover, and a digital elevation model (DEM) that &deen co-
registered and projected specifically for GeoWERRimilar
modeling efforts (Figs. 2,3,4). The soil data assdd on the
SSURGO or STATSGO NRCS soil databases (Soil Survey
Staff, 2011; USDA, 1991); the DEM is from the U.S.
Geological Survey (USGS) (Gesehal., 2002; Gesch, 2007),
and land cover is derived from LANDFIRE existinggeation

Robichaudet al. 2007a). These two interfaces link land covertype data (Rollins, 2009; LANDFIRE, 2010).

to both vegetation properties and soil propertesysers need
only select the land cover and a soil texture, thedinterfaces
select the correct soil and land cover files fogieen run.
Disturbed WEPP has land cover for mature and ydarests,
shrubs, good and poor grass communities, and laivhégh
severity fires. ERMIT has databases for unburnemly, |
moderate and high severity fires on forests angetamds.

The watershed version of WEPP is best run using t1Gi%.
Renschler (2003) developed the most commonly ud&dt@l
for ArcGIS 8.x, 9.x, 10.1, and 10.2 called “GeoWEPP
GeoWEPP uses the topographic analysis software, AZOP
(Garbrecht and Martz 1999), to delineate watershedscreate
the slope files needed to run WEPP. Typically, shene soil
and vegetation files are used in the online DigtdriWEPP
interface, the Windows interfaces, and the GISstool

Because of difficulties experienced by users inetming
spatially distributed input files for GeoWEPP, ameragency
team of scientists have recently released an on@i8
watershed tool specifically developed for foresinditions
including wildfire (Frankenbergegt al. 2011). This interface
does not require any downloading or pre-processaig
topographic, soils, or land cover databases that wecessary
for running GeoWEPP. In its current form, howegaying the
outputs from a run, or combining multiple runs fotarge fire
can be awkward. It can only access soils that are ¢f the

Estimated runoff amounts, peak flows, upland erogites,
and sediment delivery are used to improve decigiaking
activities related to post-fire risk assessment rtbilitation
treatment selection (Fig. 5). The new website aathskts
deliver all the spatial inputs and parameter fileded for
spatial WEPP (Water Erosion Prediction Project) e®dn
mere seconds; previously, assembling and formattirgytype
of data would have taken at least several hounstidays. We
are actively expanding our database to includeldher 48
states and we are seeking other post-fire erosiodels to
support; we currently have plans to create datdseta post-
fire debris flow model and a dry ravel model.

2.1 Spatial data layers

Historical burn severity maps are from the MonitgriTrends
in Burn Severity project (MTBS). MTBS is a partrigps
between the USGS and the USDA Forest Service Remote
Sensing Application Center to map burn severity dinel
perimeters using the dNBR algorithm used to créaA&kC
maps for BAER Teams. These maps are not typicaliysted
for post-fire soil conditions; therefore modellstould use soil
burn severity maps if they are available. Fires uogog
between 1984 and 2010 in Western US States grtbaterl 000
acres (400 ha) are included in the database. Datdreely
available online (Monitoring Trends in Burn Seweri2009).
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DEM data from the USGS Seamless Data Warehousessaes/
the base layer. The National Elevation DataseBas Digital
Elevation Model (DEM) data available for the entiyeS. with
even higher resolution (10 m) available for mosthaf country

Post fire land cover
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Figure 3. Example post-fire land cover map gendrbjethe
database for the French Fire.
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Figure 2. Example 30m DEM downloaded after the Enefire
soil burn severity map was uploaded into the dateba

For land cover data we initially planned to use Megional
Land Cover Dataset, but on collaborative projecten fire
spread modeling was involved, the modellers recomiee that
that we use the Existing Vegetation Type (EVT) daten the
LANDFIRE project (LANDFIRE, 2010). Therefore we

reclassified the EVT cover types into Disturbed VPERNd
cover categories. When an uploaded burn severity imased,
it is combined with vegetation to create a burred| cover
map on-demand. This map is then reclassified insoibburn

[ 465,095,100 [ 465,116,300
[ 465,095,300 [T 465,117,000
[T 465,096,000 [ 465,117,100
[ 465,096,100 [T 465,117,300
[] 465,097,000 [ 465,121,000

severity map. This step is important as grasseshnd lands
do not have enough fuel to create high-severityaictp on soils
and clay-textured soils seldom become water-repelle

[ 465,098,000 [ 465.121,100
[ 465,098,100 [[17] 465,121,300
[T 465,099,000 [T 465,123,000
[ 465,099,100 [N 465,123,100

. . . [T 465,099,300 [ 465,123,300
The necessary soil input layers are being derivech fboth P

SSURGO and STATSGO datasets. SSURGO data con$ists [ 4ss 100100 [ 465,126,100
the most detailed soil maps created by the NafReslources [ 46,100,300 [T 465,128,300
Conservation Service (NRCS), but does contain sie gaps [ 46s.101.000 [T 465,141,000
(Miller and White, 1998; Soil Survey Staff, 201Mo fill in £ 4es101100 [ aesitaz000
gaps we are using the STATSGO (STATe Soil GeOgaphi [ s """
database which has complete coverage and is aesmfaler s 111100 [ ss0508.000
derived from soil surveys conducted by the U.S.depent of [ 4ss.111,300 [ ] 660,515,000
Agriculture (USDA, 1991). The STATSGO database dogls  [7] 46s.112.000 [T] e60.855,000
have as fine a resolution in cover as the SSURG@bdae but [ 452100

this is not a great concern because in post firéefig, the Figure 4. A soils map generated by the databasétitep
erosion _potentlal of th_e soil is more a_functlonﬂoé severity soil files modified by the burned French Fire lacdver
than it is of other soil properties (Elliot, 2013)hus, when — |5yer To facilitate modeling the WEPP soil paraeneind
s_0|Is are impacted by fire, soil parameters ara;idgj t_Jased_on linkage files are also provided by the online datsb

either unburned (forest or grass), low or high sgvesoil

impacts.
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Figure 5. Post-fire hillslope erosion predictions the French
fire displayed in Google Earth.

2.2 Database

The spatial data we are developing is stored in@8s a
spatial database tool that extends the popular -eparce
database management system PostgreSQL,
enterprise-level spatial functionality and expedmenunity
support at no cost. Furthermore, the PostGIS exiens

stable, robust, and relatively simple to use. Mostthe

transformations of the DEM, soil, and land covetadats
necessary for use in spatial WEPP models are peefbr
directly in the database at the time the user makesquest
including spatial filtering, intersection and clipp,

reclassification and raster addition. The PostGEalase
produces DEM subsets and burned and unburned rebilaaad
cover layers as rasters on-demand (on the orderl6fseconds
over a broadband connection) for small fires (ks 20 kA

or 2,000 ha). Larger fires incur a larger wait tirhewever,
compared to previous methods (manual preparaticn GiS),

our approach is faster by several orders of madeitu

MTBS

Eumed/ En\?e?tt: e
Area | l p
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v
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Intersection Geometry
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Area Raster

Land Cover
Raster
Pured Reclassify

Soils”

Figure 6. Example geo-processing workflow for thisslayer.
Note that both the land cover and the soil properéire needed
to develop the “burned soils” layer.

3. DISCUSSION AND CONCLUSION

The methodology used to rapidly combine soil buenesity
maps with land cover and soils data for post-fires®n

modeling has been clearly demonstrated with casbest from
two recent wildfires. The first wildfire is the 20Rock House
fire that burned 127,500 ha (315,000 acres) inificeand Jeff
Davis Counties, Texas. This wildfire impacted a kmational

historical site - Fort Davis, which is located in small

watershed called Hospital Canyon (217 ha; 536 acr&ven
though the area that needed to be modelled wad, shetime
needed to reformat soil and vegetation data for etwagl in

GeoWEPP meant that predictions could not be coegblat a
timely fashion for the National Park Service BAE&am. In
2012 when the High Park fire burned 35,300 ha @7 Zcres)
in Larimer County, Colorado the spatial soil, lacaver and
DEM layers were already prepared along with a nuthogy

for rapidly merging satellite-derived burn seventaps with
the soil and vegetation data. The entire burn fmathe 2012
High Park fire was modeled in GeoWEPP in less ttaae
days allowing the predictions to be available foertional use
by the BAER team. These case studies clearly demateshe
efficacy of preparing both the tools and datasefsrie they are
needed.

Using our online tools and datasets we were ablsufgport
Forest Service BAER Teams on four fires that burine2014
in California (the French, Happy Camp, Silverada d€ing
fires). The French (5,600 ha; 13,800 acres) aheiaido (390
ha; 968 acres) fires were relatively small; therefpredictions
of post-fire erosion and runoff could be generateGeoWEPP
within just a few hours of receiving the soil bigeverity maps.

providinghe larger King (39,500 ha; 97,700 acres) and Hapamp

(54,200 ha; 134,000 acres) fires both requiredtorta/o days

to complete one modeling scenario. The BAER Teanthe

King fire wanted several modeling scenarios inaigdi
predictions of average first year post-fire eros{big. 7) and

post-fire erosion from a single storm event. Having datasets
available rapidly means there is more time for BAEERmMS to
model the effects of proposed remediation treatsef@n both
the King and Silverado fires multiple modeling rungre

carried out to estimate impacts of proposed rentiedia
treatments.

Assembling the data needed to run spatially expkcodsion

models can be a daunting task even without timestcaints,

therefore preparing the required input data ahéaiche makes
sense. Work will be ongoing in the next two yearexpand
the database to cover the lower 48 states, oncgleted the
database will be transferred to our federal pastn@ur vision

for this project is that advanced GIS surface emsind mass
failure prediction tools will be readily availabfer post-fire

analysis using spatial information from a singlérasite.
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Figure 7. Post-fire hillslope erosion predictions the King fire
displayed in Google Earth.
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