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2011 Widfire in the Mountainous Terrain of Southeast Arizona: Verification of
Enpirical Formulas used to Estimae from 1-Year through 10-Year Peak Discharge
from Post-Burn Watersheds and Associated Increased Flash Flood Potential of Post-
Burn Hype-ConcetratedFlows

William Reed Mchad Schaffner, had Kahler, and Erin Boyle
May2012

Abstract:

In the desert southwestof the United Staes, wildfire alters the hydrologic responseof watersleds
greatly increasing the magnitudesand frequency of flash floods. The NOAA National Weather Service is
tasked with the issuance of flash flood warnings to savelife and property. Tools that allow the weather
forecast offices to quickly accessthe peak flow magnitude andléod mtential from burred areas arehighly
desirable. Theapplication of readily available topographicand burn sewerity data make this possble through
a seres ofempirical equations.

In studes of pod-burn peak flows throughout soutreast Arizona, Reed and Schaffner have
demonstrded that future peak flows can be estimated for burned basinsusing a multivariate runoff index
defined by ®veral watershed characteristics. Therefore, a series of empirical equaions were devdoped to
estimate aks flowswith 1-year through10-year reaurrence intervals from bothsmalland larger sized burned
basins. The basinproperties usedare 1) thehyper -effedive drainagearea (the area of the basinwith mocerate
and high severity burn, in squaremiles); 2) the modified chanrel relief ratio; and 3) the mean basinelevation,
in thousands of & above mean sa level. The modified chanrel relief ratio in feet/feet is theaverage slope of
the basin alonghefirst order channel measured fromil,250 fet belowthe ridge to the basin dt.

Five basinsin Cochise County, Arizona burned by either the 2011 Horseshoell Fire or the 2011
Monunent Fire are used to evaluate the usefulnes®of the Real-Schaffner Equation 12 to forecast pog-burn
peak lowsandassociatd increased fashfloodpotentid. An estimateof pog-burn peak fowsfor these basins
with an emphasison the frst significant flashflood that occurred were evaluated. It is the experience of the
authorsthat thesefifirst flu s rp@ak flows are often hyper-concentrated flows. Thus often peaks from pog-
burn basns are essetially sediment-carrying water flows with entrained pod-burn debris. Indirea
measurenent of obsered peak flows are compared to the values obtaned from Equation 12 for five basins
usingthe return interval of the causatve rainfall events. Additiondly, the valuesobtained from Equation13
are ewvaluated for spedal circumstan@s. This report provides the first verification for this southeast Arizona
Sy IslandCompkx pog-burn floodforecasing technique.

Three basinsburned by the 2011 Wallow Fire are also usedto ewaluate the usefulnes®f the Reed-
Schafiner Equation 12 to forecast pod-burn peak flows and associded increased flash flood potentid.
Additiondly, the valuesobtaned from Equation13 are evaluated for special circumstanes. For this burned
areathechanre relief ratio wasusedunmodifed. This modifcation of Equations 12 and 13 wadonebecause
the Wallow Fire occurred within the Central Arizona Highlands outdde of the area for which the original
equaions were devdoped (the Sky Island Compkex of soutleastern Arizong. This report provides the frst
verification for this Central Arizona Highlandgpog-burn floodforecasing technique.



INTRODUCTION

Shortly after three Arizonafiresin 2011 (Horseshoell, Monument, and Wallow, Figure 1) three reports
were written by Reed, Schaffner, and Kahler (20113, b, & ¢) to provide an estmateof pog-bumed increased
flash flood risk. These fires occurred within the Colorado Basin River Forecast Center area of respongbility
(Figure 2). The 5-year increased flash flood risk determined in thosestudes is shownin Figures 3-7. The
Wallow Wildfire basins are grouped by HEC-RAS (Figure 5), Apache Courty (Figure 6), and WILDCAT 5
(Figure 7). The BAER teamsand stdf of the ArizonaWater Science Center, United States Geologica Survey
provided necessary data on the burned basins required to compete these analyses. This report provides
verification for the initial useof these pog-burn flood forecasting techniques for the Sky Islard® Comgex of
southeastern Arizona(within theBasin and Rage) andthe CGentral ArizonaHighlands(Figure 1).

Theeight Arizonabasinsstuded in this report were bumed by the 2011Horseshoell Fire (Figure 8), the
2011 Monument Fire (Figure 9), or the 2011 Wallow Fire (Figure 10). This report providesan estimate of
pog-burn pe& flows for thesebasinswith an emphasison the first significant flash flood that occurred. It is
the experience of the authorsthatthesefifirst flush e flows are often hyper-concentrated flows. Thusthe
peks from each basin are essentidly sediment-carrying water flows with entrained pog-burndebris.  Indirect
measurementof observed pe&k flows are compared to the valuesobtained from Reed-Schaffner Equation 12 for
the eight basins using the return interval of the causativerainfall events. Reead-Schaffner (2008) suggested
usingthis envelope curve® for mostapplicaions. However, Equation 13’, the correspondingbest-fit curve,
may work best for drainage areas lessthan 1 squae mile and/or stormevents with return intervals lessthanl
yea. Therefore, Equation 13 will be evaluated for theseimited speial circumgances.

METHODOLOGY

In studes of pog-burn hyper-concentrated flows throughout soutteast Arizona, Real and Schaffner
(2007 and 20M8) have demonsteted that peek flows can be estimated for burned basins using a multivariate
rundf index defined by several watershedcharaderistics.  Therefore, a series of empirical equations were
developed by Reed to estimate peeks flows with 1-year through 10-year reaurrence intervals from both smadl
and larger sized burred basins. The basin properties usedare 1) the hyper-effective drainage area, the area of
the basin with modeate and high severity burn,in squae miles, 2) the modified channel relief ratio, and 3) the
mean basin elevation, in thousndsof feet abovemean sealevel. Themodified channel relief ratio in feet/feet
is the averageslopeof the basin along thefirst order channel measured from 1,250feet below the ridge to the
basin outlet. However, for basinslessthan 1 square mile, the channel relief ratio was usedunmodified. For
such smalbasinsthe authors tave found the malified channel relief ratio too unseble touse(i.e., sometimest
would work and sometimes itvould not), and the channel relief ratio more rdiable (i.e., aways worked). This
is perhaps due to the modified channel relief ratio approahing zero or becoming negative for suchsmallbasins
when 1,250 fed is subtraded from the basins rise or due to a caculated slope based on a very short

° Skylsland ranges of Arizona, New Mexico,and adjacent Sanoraand Chihuahua are shown on Figures11and 94.
6 Equation 12 is an envelope curve that providesthe largest edimate, i.e., Equation 12 values are greater than equation 13 values.
Equation 13isabeg-fit curve.
"Equation 3 (mentioned in other reports by the authors) and Equation 13, although derived independently and numbered
differently, are the same equation
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unrepresentativerun. Additionaly, for thethree basinsin the Wallow Fire burred area, the channel relief ratio
was used unmodied. This was done lecausethe Wallow Fire occurred within the Gentral Arizona Hghlands
outgde of the area for which the original equations were developed (the Sky IslandComgex of southastern
Arizona).

Increased HashHood Risk

As described in Read, Schaffner, and Kahler (2011c) to evaluate the increasein flash flood risk, the
basins are ranked by postburnyield (cfs per square mile) and assgned an increased flash flood risk.  Flash
floods posea significant thred to life and property in and downstean of burred areas.  Although often the
impads of pod-burn flash floods are daumented at the wilderness or wildland urban interface this
methodolgy does not seek to determine if a given structure is at risk of damage or destruction.  Such a
determination is beyond the scope of this methalology or the expertise of the authors. Any staementsabout
increases in pod-burn fash flood risksare general in nature and based on a comparison of pre- and pog-burn
pek flows. As defined for the purposeof this report, variables affecting increased flash flood risk are size of
basin, percent of basin with high and modeate burn sverity, magnitude ofstorm,modfied channel relief ratio,
and men basin devation.

The first attempt by the authorsto usethe previous work of Reed and Schaffner (2007 and 2008) and
the work of Schaffner and Reel (200ba & b) to asdgn flash flood risk for pog-burn basins was done
shorty after the Horseshoe Il Fire. The technique was thenrefined after eat subseqgant 2011 burn as more
data became available. As described in Reed, Schaffner, and Kahler (2011c) basinswith yields greaer than
2000cfs per squae mile are assgned extreme increased flash flood risk, basins between 2000and 1000cfs per
squae mile are assgned high increased flash flood risk, basins between 1000and 100 cfs per square mile are
assgned modeate increased flash flood risk, and basins below 100 cfs per squae mile are assgned low
increased flash flood risk.  Thismethodcan be usedfor 1-year, 2-year, 5-year, and 10-year events. Ewent
speific figures, like Figures 3-7, can then bedevel oped.

In the ranking of the basins, it was theintent of the authorsthatthe risk categories would correspand to
the following possble conditions: low would include flows within banks; modeate would include flows nea
bankfull, both within and out of banks; high would include flood flows; and extreme would include record
flows. Therefore, as more data becomesavailable, bre&ing points between thesecategories made need to be
refined.

Post BurnFlash Flood Rainfall Thresholds

Rainfall thresholdsare usualy based on either return interval of causative events or are related to a
previoudy determined thresholdstage (such as bankfull or flood). When a stage is usedit is converted to flow
for modelirg. For ungaged streans the stage-discharge relationshipis often not knownthusa returninterval is
usal. The postburn flashflood rainfal thresholdsfor the Chiricahua, Huachuca & White Mountains will be
cdculated using the increased flash flood risk of the 8 documened events. The values shouldbe consicered
speculative and shouldbe modfied as moreevents are documentedwithin thesemourtain ranges.

Survey
Three basinsthatbumed in the Monument Fire and two basinsthatbumed in the Horseshoe Il Fire were

suneyed usinga Leica Rugby 100LR Leveling Laser®. The suneying was doneto produce crosssedionsfor
eadt basin to cdculate pod-fire peak discharge. The suwveyed reach was selected by locating a relatively

® The use of firm, trade, and brand namesin thisreport is for identification purposes only and does not constitute endorsement by
the National Weather Service.
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straight channel reach, with visible high water marks on at least one of the two banks, and flow contaired
within only one channel.  The length of the reaches suwveyed equaled appraximately the sum of the tota
distance of the crosssections. All basins had three cross sedions surveyed, except Old Sawmill Creek a
tributary of Carr Canyon. A suitable reach within Carr Canyon that met the criteria for suwveying mulitiple
crosssedionscould not be located. At each crosssedion elevation realings were taken acrossthe channel at
incrementsto best represent the channel morphology. Also measured was the channel width, the wetted
perimeter, distance between crosssections, and slopeof surweyed reach.  Atead surwey location a 100 foot
datum was set using asemi-permanent object, such as large tree or boulder, that could be locatedif there was a
nedl to resuwvey thereach.

Slgpe-AreaMetiod

Unless noted otherwise, the suvey data was used to cdculate the flow indirectly by the slope-area
method. Theslopearea methodis acommon techniquefor determining disclarge indirectly (Rantz and others,
1982. Thewater slopethrough the channel reach was determined from the surveyed high water marks. The
Manning flow equation was used:

Q =1.486/n AR?®S¥2
Where: Q = flow, cfs

n =roughness oefficient,ak.a, Manningd s n

A = crosssedional area of wetted channel, ft?

R =hydraulic radius Adwvp, ft

wp =wetted perimeter, ft

S = water suface slope.

Geographical InformationSystems

The application of readily available topogiaphic and burn severity data make the use of empirical
equations possble. The useof GIS informationis essentialto 1) basin delinedion, 2) determination of basin
characteristics, and 3) use of radar predpitationdata.

Basin Delineation: Initial data for previous reports were provided by the USFS BAER Teans. For
this report, basinswere delineaed usingstream cross-sedionsprovidedby the NWS Forecast Office in Tucson,
AZ, as the lesin outlets. In addition to the kasin outlets, Digital Elevation Models (DEM) were acquired from
the USGS and usedwithin the USDA's Automatd Geospatial Watershed Assessment Tool (AGWA) and
ESRI's ArcGIS software to delinete besin perimeter dong with strean channels.

Basin Characteristics: Basin perimeters were used to cdculate thetotal basin area along with thetotal
area of the modeate and high burn severity area (e.g. Hyper-Effective Drainage Area) within the specified
basin. A maximum and minimum hkesin elevation was cdculated using Gagle Earth and cross-referenced
against the USGS DEM file.  The basin's strean length was aso cdculated using Gaogle Earth with
AGWA/ArcGIS delineaed strean channels overaid. The basin elevation difference and stream length were
usedto caculate the unmodfied or modified channel relief ratio where appropriate.

Basin Precipitation: Where radar predpitation data was available, a grid was generated over the basin
that aligned with the radar grid. The centroid of ead precipitation grid cell was usedto retrieve predpitation
return intervals from theNOAA Atlas website.

Rainfall

Rainfall estimates, for the basinsbumed by the Horseshoell and the MonumentFires, were taken from
the NWS WSR-88D radar located in the Empire Mountains soutteast of Tucson. The rainfall estimates were
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derived using thelegacy radar predpitation processng algorithms sincethe events al took place prior to the
installation of dual-pol radar in Tucson. Radar rainfall estimaies are most commonly compued in 4-minute
incrementswhile in predpitation mode. The radar rainfal closestto thetime of concentration® for the basin in
guestion was used. For example, if a given basin has a 29-minutetime of concentration and radar rainfall totals
are 28- and 32-minute, then the 28-minute radar rainfall total would be used. Likewise, if the radar rainfall
totals were 26- and 30-minute, thenthe 30-minutewould beused. Rain gage data if available in or neaby was
included in the paper to locdly compae to theradar rainfal estmats.

Basinsbumed by the Wallow Fire, could not utilize radar rainfall esimates sincethe areain question is
too far from any of the NWS radars in Arizonaor New Mexico and either has 1) no precipitation coverage or 2)
predpitation coverageof poor quality. As a result, rain gage data was used. The rain gage usedwas either
within the study basins or in close proximity in that the three studed Wallow Fire basins were contiguous
(Figure 10) and North Fork and SouthFork of Thomas Ceek had basinsless than 1 scue mile.

Return Intervals

Precipitation frequency was obtaired using NOAAOG sPredpitation Frequency Data Server
(http://hdsc.mvs.n@agov/hds/pfds/pfds _mapcont.iiml?bkmrk=az). The ®rver provides point predpitation
frequency estmates based on a userprovided latitudeand longitude. The datast is NOAA Atlas 14, volume 1,
version 5. Precipitation frequency estmates providedinclude both a single value for ead averagerecurrence
interval as well as the upper and lower boundsfor the 90% confidence interval. Precipitationfrequency like the
rainfall corresporded to the time of concentration for the basin in question.  For the basins burned by the
Horseshoell and the Monument Fires, predpitation frequency was obtained for each grid. For the basins
burred by theWallow Fire, preipitation frequency was obtinedfor thebasin eentroid and outet.

Reed-Schaffner Equations 12 and 13

Equations 12 and 13 were developed using 11 pos-burn watersheds in 3 mourtain ranges within the
Sky Island Comgdex of Southessten Arizona (Figure 11).  Both equations are plotted on Figure 12. The
equations kegin to quickly converge below 1,100 cfs (i.e.,when mvi values ae low).

Equation 12 is arenvelope curve with thefollowing form:

Q: = 55.819mviy)? + 2138.qmvi,).
Where the mdtivariate runoff index(mvi) for 1 to 10year eventsis
(mvi 1) =100(ID,( )O.Slbl.gllij 1.9989.78

and U= fraction of total watershedwith modeate or greaer burnseverity (square miles/squee miles); y = total
drainage area (squere miles); b = modfied channel relief ratio (feet/feet); (0 = averagebasin elevation above
mean sea level (thousands of feet); and &= recurrence interval of rainfall (t-years). Equation 12 applies where:
1) the storm dtetion isgreder or equal to the lasin's ime ofconcentration, thetime of corcentration is the time
it takes for water totravd from the most dtant point of a watersled to the oulet or other pointof interest
(Chow, 1964); 2) the event is the first majorflush after the fire; 3) water repellent soils are present; and 4) the
core of the stormmovesover at least a portion of the hyper-effective drainage area  Caution should be used
when applying Reed-Schaffner Equation 12 to watershedswith 1) drainage arealessthan 1 square nile'®, 2)
drainage area greaer than 20 squae miles, 3) elevation change lessthan 1500 feet, 4) lower mean basin

° Calcudted usingthe formula: Tc = 60(L1'15/7700H°'38),Where L=badn streamlengthin feet, H =badn elevation changein feet, and
To=time of concentration in minutes.
% Forbasnswith drainageareaslessthan 1 squaremile, the channel relief ratio should be used unmodified.
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elevations where vegetaton recovery may occur quickly, and 5) higher mean basin elevations with
predomnately shallow soils and impermeable rock outaops. The range of watersheds used to develop
equations 12and 13 is 1.5 scare miles to 21.6 squa miles.

Equetion 13 isthe kest-fit equation corresponding to Egation 12and hes thefollowing form:

Q: = 1422 .§mviy)**%,

Equation 13 may work best for drainage areas less than1 squae mile® and/or stormevents with return intervals
lessthan 1 year. However, caution should be usedwhen applying any Reed-Schaffner equation to these
conditions. If the basin is greder than 1 square mile and the return interval of the stormis known then
Equation 12 should beisel.

MILLERCANYON-JULY 10, 2011

On July 10, 2011 rainfall stated at 19Z and ended at 23Z (Figure 13 is a USFS image of rain falling
over Mil ler CanyononJuy 10,2011). The4-hour stormtotal ranged from 0.5to 3.0inches over this Huadhuca
Mountains basin (see Figure 14) resulting in debris flows (reported upsteam of studed reach at bed and
breafast) and flash flooding (observed downstr@am of studed readch). See Youberg and Peathree (2011) for
additional discussiorof pod-fire floods and debris flows. OnOctober18, 2011to assesthe magnitudeof the
flooding on July 10, high water marks and cross sedion information were colleded by USGS and NWS
appraximately 1 mile upstieam of several Broken Arrow Road homes that were flooded during the event.
Figure 15 is a summary of channel characteristics. Figure 16 shows the channel upstrem of the suneyed
reach. Flood depth ranged from 4.5to 5.6 feet within the three surweyed crosssedions. The USGS usedthe
colleded data in U.S. Army Corps of Engineas HEC-RAS stepbadkwater modelto esimatethe pe flood
flow as 4,900cfs +/- 20%. This method is a standard indirect techniquefor estimaing a pe flow for an
ungaged stream for reaches with stegp slopesand mixed flow regmes. Within the studied reach supercritical
conditions acurred (Froudenumberranged from 1.01 to 1.82 Wi ithin thereacdh thevelocity ranged from 11.6
to 17.2ft/sec. A GIS analysis of the basin abovethe sureyed crosssedions providedthe basin characteristics
shown inFigure 17. Thetime ofconcentration for the kasin was cdculated from thesedata to be29 minutes.

Impact of 2011 Flash Flood

There were many impacts dueto the flooding in Mil ler Canyon. Several homeswithin Mil ler Canyon
and downstean of the canyon east of Highway 92 were flooded. The eviderce of high flows in Miller Canyon
can beseen in Figure 18; notice the debris on the car portroof and highwater mark stainon thetwo shownsides
of thebuilding. This photo was providedcourtesy of BAER team and was taken the day after the lower Mil ler
Canyon flash flood. = The Tombtone water pipeline in Miller Canyon was damaged, including the spmg
colledion basins. Cochise Courty Highway and Flooddain Department documened having to clear roads due
to flooding. For thebasin abovethesuweyed site, the inceased flash flood risk was high.

Verificationfor Miller Canyon

Figure 19 is a burn severity map for the basin and Figure 20 providesthe raw radar for the highest 30
minuterainfall duringthe 4-hourstorm. The core of the stormmovedover grids 1A-C, 2A-D, 3B-D, 4C,5C
and 8. The median 3-minuteraw radar staom amountfor the kasin (1.25inches) is withn therange provided
for the 2-year 30-minute return interval storm (Figure 20). For determining the median only those grids with
modeate and high severity burnswere used. For this basin al grids shown on Figure 19 met this criterion.
The centroid grid received 1.50inches in 30 minutes(a strong 2-year 30-minute event). Within grid 1B, but
outgde of the basin, a gage reported 1.22inches for the same time period as theradar image. The raw radar is
1.45inchesfor grid 1B. Theauthorsdecided not to adjustthe radar valuesusing ths gage becaise: 1) the gage
is outdde the basin, 2) it was unclear how many grids to adjud, and 3) tipping bucket rain gages are knownto
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underesmatetotal rainfal during high intensity rainfal events. Using Equetion 12, the expeded flow from
the hyper-effective drainage area is 3,964 cfs. This acountsfor the runoff from 78% of the basin. To obtain
therundf from the entire basin we reed to add 22% of the basinspre-burn 2-year rundf. Thebasinspre-burn
rundf is 254 cfs cdculated using USGSRegion 13 equations for Southern Arizona (Thomas,1997. The
resulting runoff for theentire basinis 3964 cfs plus 56cfs =4,020cfs +/- 25%.

Equation 12 Method: A compaison of the Equation 12 methodand the indrect methodvaluesis
provided inFigures21 and 22. The amourts shown inFigures 21 and 22 indicae thatthe Eaiation 12 method
can be successfuly used to predict the indirectly obseved peg flow from this pog-burn basin within the error
reported for bothvaues. Equation 12 is usdul in determining the magnitude of the pog-burn observed event;
and theefore, the ncreased pog-burnflash floodpotentialfor this basin.

IncreasedFlash Flood Risk: Theobseved post-burn hyper-concentrated pe&k flow of 4,900cfs was

19 imesgreder than thepre-burn 2-year peak flow of 254 cfs. As shownin Figure 4 the 5year increased flash
flood risk was previously determined by Reeald, Schaffner, and Kahler (2011b)to be extreme for the lower
portion of Miller Canyon. The corresponding2-year increased flash flood risk was determined to be high by
Redd, Schaffner, and Kahler (2011b).  Using 4,900 cfs / 3.57 square miles = 1,373 cfs/sq. mi., the 2-year
increased flash floodrisk for the Mil ler Canyon kasin abovethe crosssedionswould behigh.

Return Interval: Using Equation 12 (the preferred equation), to obtain a mean value of 4,900cfs a
return interval of approximately 2.6 years would have to be used. This is using only the hyper-effective
drainage areasincethe runoff from theremaining area would beminimal.

EASTTURKEYCREEK- AUGUST15, 2011

On August 15, 2011rainfal occurred over essentidly the upper two-thirds of this ChiricechuaMountains
basin (Figure 23). This area of rainfal roughly correspondsto the area with modeate and high severity burn
(Figure 24). Figure 23isfrom 2103to 2145Zwith rainfall amourts of 0.10to 0.75inches in 42 minutes. On
November 7,2011to assessthe magnitude of the flooding on August 15, high water marks and crosssection
information were collected by the NWS appraximaiely 0.75 mile upstrem of homesat the soutern edge of
Paradise,AZ. Figure 25 is a summary of channel charaderistics and calculated values. Figure 26 showsthe
sunweyed channel reach looking upsteam of crosssedion 2 towards crosssedion 1. Flood depth rangedfrom
2.2 to 4.6 feet within the three suwveyed crosssedions. The NWS usedthe colleded data and the slopearea
methodto estmatethe pe& flood flow as 470 cfs +/- 30%. Within the reach the average velocity was 8.4
ft/sec. A GIS anaysis of the basin abovethe surweyed crosssedionsprovided the basin characteristics shavn
in Figure 27. Thetime of concentration for the basin was @lculated from thesedata to be41 minutes.

Impact of 2011 Flash Hood

The authorsfound no reportsof damage from this event. This was likely dueto Cochise Courty and
the Natural Resouce Conseavation Service working with residentsto install flood mitigation measures, suchas
sandbags and K-rails (NRCS, 2011). From notes madeduring Chiricahua surweys: East Turkey Creek did
seam to experience high flows, but that was downstrean of the surwey locaion on private land. We surneyed
just upstieam of Paradise on Forest Service Landé East Turkey Creek has severa side canyons entering into
the mainchannel within the Paradisearea For the kasin above thesurweyed site, the ncreased flashflood risk
was lowmodeate.

Verificationfor East Turkey Cresk

Figure 24 is a burn severity map for the basin and Figure 28 providesthe raw radar for the highest 42
minute rainfal during the storm. Thecore of the storm movedover grids 6B-D and 7B. The medan 42-
minute raw radar storm amountfor the basin (0.20 inches) is lessthanthe range provided for the 1-year 30
minute return interval storm (Figure 28). For determining the medan only those grids with nonzero
predpitation amourts were used. As previously staed, thesegrids were essentidly the same as thosegrids

7



with modeate and high severity burn. Thegrids thatreceived 0.75inches in 42 minuteswere stll lessthanthe
correspondng 0.81 inches lower estimatefor the 1-year 30-minute return interval.  For return intervals less
than 1 year, the 1-year return interva is to be used(Reed and Schaffner, 2009. Using Equation 12, the
expeded flow from the hyper-effective drainage area is852cfs. This accountsfor the rundf from 33% of te
basin. This can be assumed the rundf from the entire basin sincethe remainingportion of the basin received
either no rainfall or very little. Theresulting rundf for the entire basin is therefore 850 cfs +/- 25%. Using
the @me pocedure forEquation 13 theresulting runoff for the entire basin is 560 cfs +/- 25%.

Equation 12 Method: A compaison of Equation 12 methodand indirect methodresults are provided
in Figure 29. The amountsshownin Figure 29 showthatthe Equation 12 methodwould overestimateby 30
cfs the indirectly observed peak flow from this pod-burn basin if a 1-year return interval is usel. Since the
event was lessthana 1-yea 40-minute stormwe would exped Equetion 12 methodto overestimate the storm.
However, the values are close and therefore, Equation 12 is usdul in determining the magnitude of the pog-
burnobseved event; and therefore, the ircreased pog-burnflash flood pdential for this basin.

Equation 13 Method: A compaison of Equation 13 methodand indirect methodresults are provided
in Figure 30. The amounts shownin Figure 30 showsthatthe Equation 13 methodcan be successfully used to
predict the indirectly observed pe&k flow from this pog-burn basin within the error reported.  The mean
Equation 13 methodvalue for thel-year stormis greaer than the mean indired method value and lessthan the
higher indirect method value. Also the lower Equation 13 methodvaue is greaer than the lower indirea
methodvaue.  Equation 13 is usdul in determining the magnitude of the pog-burn obseved event; and
therefore, the increased pog-burn flash flood potential for this basin when storm events have return intervals
less than Year.

IncreasedFlash Flood Risk: If we assume a 1-yea event with a pre-burn peak flow half the pre-burn
2-year ped flow of 103 cfs™, thenthe pog-burn hyper-concentrated peak flow of 470 cfs was 9 timesgreaer
thanthe pe-burn kyear pedk flow of 51.5cfs. The authors realize that this assumption is an oversimplification
of the relationship betweenykar and 2year peaks; however, such an assumption seemed reasonable for tl
illustrative purposes of this reportAs shownin Figure 3 the 5year increased flash flood risk was revioudy
determined by Reed, Schaffner, and Kahler (2011a) to be high for East Turkey Creek. A 1-year increased
flashflood risk was not previoudy determined. Using 470cfs / 4.38squae miles= 107 cfs / sq.mi., thel-year
increased flash flood risk for this East Turkey Creek basin would be modeate. Using 470 cfs / 1.43 squee
miles (the area that received rainfall) = 329 cfs / sg. mi., the 1-yea increased flash flood risk for this East
Turkey Creek basin would bemodeate.

Return Interval: Using Equation 12 (the preferred equation), to obtain a mean value of 470 cfs a
returninterva of 0.475yeas would haveto be used. Thisis using orly the hyper-effective drainage area since
therunoff from theremaining area would be minimal.

ASHCANYON- AUGUST23 2011

On August 23, 2011 rainfal occurred over this Huadhuca Mountains basin (Figure 31). See Youberg
and Peathree (2011) for discussiorof pod-fire floodsand debris flows. The areaof the basin with modeate
and high severity burnis shownin Figure 32. Figure 31is from 0057Z to 0124Zwith rainfall anountsof 0.20
to 1.40inchesin 27 minutes. On November 28, 2011to assesghe magnitude of the flooding on August 23,
high water marks and cross sedion information were colleded by the NWS.  Figure 33 is a summary of
channel characteristics and cdculated values. Figure 34 shows the sueyed channel readh looking upsteam of
crosssection 3.  Flood depth ranged from 1.5t0 4.1 feet within the three surweyed crosssedions. The NWS

11 .
By convention rounded down from 852.
“ Galaulated using USGSRegion 14 equationsfor Upper Gila Basin (Thomas,1997).
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used thecolleded data and the slope-area methodo estimate thepe&k flood flow as 1,070 cfs +/- 30%. Within
the reach the averagevelocity was 11.0ft/sec. A GIS analysis of the basin abovethe surweyed crosssedions
providedthe basin characteristics shownin Figure 35. The time of concentration for the basin was cdculated
from thesedata tobe 26minutes.

Impact of 2011 Flash Hood

Acoording to CochiseCourty the only flooding impacts in Ash Cayon was danageto roads. Cochise
Courty Highway and FloodplainDepartment documened having to fix washoutsalongside of culverts caused
by flooding. They said mostof the homeswere burrned so there was no flooding of occupied structures. For
the kasin abovehe suveyed site,theincreased flash floodrisk was modeate.

Verificationfor AshCanyon

Figure 32 is a burn severity map for the basin and Figure 36 providesthe raw radar for the highest 27
minuterainfall during the storm. The core of the stormmovedover grids 3C-E, 4B-E and 5B-D. Themedan
27-minuteraw radar stormamountfor the basin (0.75inches) is lessthanthe range providedfor the 1-year 30-
minutereturn interval storm(Figure 36). For determining the medin only those grids with modeate and high
severity burnswere used.  For this basin al grids shownon Figure 31 met this criterion. The grids that
recaved 1.20to 1.40inches in 27 minutes(appraximately a third of the basin centered over the south fork of
Ash Creelk were greaer than the correspondingupper estimate for the 1-year 30-minute return interval.
However, the pe&k flow was esmatd below the confluence of the north and south forks. Asstaed
previoudy, the median for the total basin was less than the lower value for the 1-year storm. For return
intervals lessthan1 year, the 1-year return interval is to be used(Reead and Schaffner, 2008). Using Equation
12, the expeded flow from the hyper-effective drainage area is 2,881 cfs. This accountsfor the rundf from
91% of the basin. To obtain the runoff from the entire basin we need to add 9% of the basinspre-burn 1-year
rundf.  The basins pre-burn runoff is 136 cfs cdculated using USGS Region 13 equations for Southen
Arizona(Thomes, 1997). Sincethere are no 1-year equations ltalf of the2-yea value of272cfs was usal. The
resulting runoff for the entire basinis 2,881cfs plus12 cfs = 2,895cfs +/- 25%. Using thesame procedurefor
Equetion 13 theresutting rundf for theentire basinis 1,865cfs +/- 25%.

Equation 12 Method: A compaison of Equation 12 methodand indirect methodresults are provided
in Figure 37. The amounts shownin Figure 37 showsthatthe Equation 12 methodwould overestimateby 780
cfs the indirectly observed peék flow from this pog-burn basin if a 1-year return interval is used. Huwever,
since theevent was less than a 1-year 26-minute storm we would exped the Equation 12 method to
overestimatethe storm.

Equation 13 Method: A compaison of Equation 13 methodand indirect methodresults are provided
in Figure 38. The amounts shownin Figure 38 showsthatthe Equation 13 methodcan be successfully used to
predict the indirectly observed peak flow from this pog-burn basin within the error reported. The lower
Equetion 13 methodvalue for the 1-year stormis essentidly the same as the higher indirect method value
(within a 10 cfs rourding error). The Equation 13 methodis usdul in determining the magnitude of the pod-
burn obseved event; and therefore, the increased pogs-burn flash flood potential for this basin when storm
events haveaeturn intervals lessthan 1 year.

IncreasedFlash Flood Risk: If we assume a 1-yea event with a pre-burn peak flow half the pre-burn

2-year peak flow of 272 cfs, thenthe pod-burn typer-concentrated pe&k flow of 1,070cfs was 8 timesgreater
than the pe-burn tyear pe&k flow of 136¢fs. As shown inFigure 4 the Syear increased flashflood riskwas
previoudy determined by Reed, Schaffner, and Kahler (2011b) to be extreme for Ash Canyon. The
correspondng 2-year increased flash flood risk was also determined to be extreme by Reeal, Schaffner, and
Kahler (2011b). A 1-year increased flash flood risk was not previoudy determined. Using 1,070 cfs / 4.04
squae miles = 265 cfs/sq. mi., the 1-year increased flash flood risk for this Ash Canyon basin would be
modeate.

Return Interval: Using Equation 12 (the preferred equation), to obtaina mean value of 1,070cfs a
returninterva of 0.285yeas would haveto be used. Thisis using orly the hyper-effective drainage area since
therunoff from theremaining area would be minimal. g



OLDSAWMILLCREEK -JULY 10, 2011

OnJuly 10,2011 rainfal occurred over this Huachuca Mountains basin (Figure 40). See Youberg and
Peathree (2011) for discusson of pod-fire floods and debris flows. The area of the basin with modeate and
high severity burnis shownin Figure 39. Figure 40is from 2:00PM to 218 PM MST with rainfall amourts of
0.10to 1.25inchesin 18 minutes. Old Sawmill Creek is a tributary of Carr Canyon and is adjacent to Miller
Canyon (Figure 9). OnNovember 28, 2011to assesghe magnitude of the flooding on July 10, high water
maks and cross sedion information were colleded by the NWS. Figure 41 is a sunmaty of channel
characteristics. Thefigure on pageiii of this report is the surveyed channel reach looking upsteam of the cross
sedion. Figure 42 shaws the sureyed channel reach looking downsteam of thecrosssedion. For this basin
only onecrosssedion was surnweyed becauseit was difficult finding high water marks and an area without spiit
flow. Average flooddepth was 5.8 feet at crosssedion. The NWS used thecolleded dita and the slope-area
method to estimatihe pe&k flood flow as 1,620cfs +/- 30%. Within thecross gdionthe averagevelocity was
10.41ft/sec. A GIS analysis of the basin abovethe surweyed crosssedion provided the basin characteristics
shown inFigure 43. Thetime ofconcentration for the kesin was calculated from thesedata tobe 18 minutes.

Impact of 201 1Flash Flood

There were reports of a bed and bresfast being flooded and several other homesin the canyon having
damage to yards (ArizonaDaily Star Article: Water floods area denuded by fire, damaging 4 homes, July 12,
2017). Cochise Courty Highway and Floodplain Department documented having to clear roads due to
flooding.  Figure 44 shows flood debris at the bridge in Carr Canyon approximately 0.2 mile upstrean of the
crosssection. This phao was provided courtesy of BAER team and was taken the day after the Carr Canyon
flash flood. Thencreased flash floodrisk was high in thisisolaed area.

Verificationfor Old Sawmil Creek

Figure 40 is a burn severity map for the basin and Figure 45 providesthe raw radar for the highest 18
minute rainfall during the storm. The core of the storm movedover grids 6A-D, 7A-D, and 8A-B. The
medan 18-minute raw radar storm amount adjusted for 15 minutesfor the basin (0.95 inches) is within the
range provided for the 2-year 15-minute return interval storm (Figure 45).  For determining the median only
thosegrids with modeate and high severity burns were used. For this basin grids 3A, 3C, 4A-C, 5A-D, 6A-E,
7A-D, and 8A-B shownon Figure 40 metthis criterion. The centroid grid received 0.79inchesin 15 minutes(a
wek 2-year 15-minuteevent). Within grid 5D, but outdde of the basin, a gage reported 1.03 inches for the
same time period as the radar image. The raw radar is 0.95inches for grid 5D. The authorsdecided not to
adjusttheradar valuesusing this gage because:1) the gage is outsde the basin, and 2) it was unclear how many
grids to adjust. Using Equation 12*3, the expeded flow from the hyper-effective drainage areais 4,010cfs.
This acountsfor the runoff from 59% of the basin. To obtainthe rundf from the entire basin we need to add
41% of the basins pre-burn 2-yea rundf.  The basins pre-burn rundf is 107 cfs cdculated using USGS
Region 13 equationsfor Southen Arizona(Thomas, 1997). The resulting rundf for the entire basin is 4,010
cfs plus 44 cfs = 4,055cfs +/- 25%. Using the same procedure for Equation 13'° the resulting runoff for the
entire basinis 2590cfs +/- 25%.

Equation 12 Method: A compaison of the Equation 12 methodand the indrect methodvauesis
provided in Figure 46. The amourts shown in Figure 46 showsthat the Equation 12 method would
overestimatethe indirectly observed peak flow from this pos-burnbasinif a 2-year returninterval isusel. The
lower Equetion 12 methodvalue for the 2-year stormis greater thanthe higher indirect methodvalue by 935
cfs.  The amourts shownin Figure 46 indicate that Equetion 12 can not be sucessfuly usedto predict the
indirectly observed pe& flow from this posburnbasinwith a dainagearealess than 1 sque mile.

3 Forbasnswith drainageareaslessthan 1 squaremile, the channel relief ratio should be used unmodified.
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Equation 13 Method: A compaison of Equation 13 methodand indirect methodresults are provided
in Figure 47. The amounts shownin Figure 47 showsthatthe Equation 13 methodcan be successfully used to
predict the indirectly observed peak flow from this pog-burn basin within the error reported. The lower
Equation 13 methodvaue for the2-year stormis greaer than the mean indired method value and lessthan the
higher indirect method value. Equation 13 is useful in determining the magnitude of the pod-burn obseved
event; and therefore, the increased pog-burnflash flood potentialfor this basin with a drainage area lessthan 1
squae mile.

IncreasedFlash Flood Risk: The obseved post-burn hyper-concentrated peek flow of 1,620cfs was
15 imesgreaer than thepre-burn2-year peak flow of 107 cfs. As shownin Figure 4 the 5-year increased flash
flood risk was previously determined by Reed, Schaffner, and Kahler (2011b)to be extreme for the upper
portionof Carr Canyon. Thecorresponding2-yea increased flashflood risk was detemined to be high by
Redd, Schaffner, and Kahler (2011b). Using1,620cfs /0.79square miles= 2,051cfs/sq.mi., the 2-year
increased flash floodrisk for this Carr Canyon besin would be hgh.

Return Interval: Using Equetion 13 (the preferred equaion for basins lessthan 1-squae mile), to
obtaina mean value of 1,620cfs areturn interval of 1.12 years would have to be used. Thisis usngonly the
hyper-effective drainage area since the runoff from theremainingareawould be minmal.

CA\ECREK-JULY 26, 2011

On July 26, 2011 rainfall occurred over this ChiricehuaMountains basin (Figure 48). The area of the
basin with modeate and high severity burnis shownin Figure 49. Figure 48 is from 1801Zto 1919Zwith
rainfall amourts of 0.10to 1.55inchesin 1.3 hours.  OnNovember 7, 2011to assessthe magnitude of the
flooding on July 26, high water marks and crosssedion informationwere colleded by the NWS appraximately
0.5 mile upsteam of homesat the southern edge of the Portal area.  Figure 50 is a sunmary of channel
characteristics and cdculated values. Figure 51 showsthe surweyed channel reach looking downstream of
crosssection 3.  Flood depth ranged from 4.0 to 5.6 feet within the three surweyed crosssedions. The NWS
usedthe colleded data and the slope-area methodto estimatethe pe& flood flow as 880 cfs +/- 30%. Within
the reach, the average velocity was 7.0 ft/sec. A GIS analysis of the basin abovethe sureyed crosssedions
providedthe basin characteristics shownin Figure 52. The time of concentration for the basin was cdculated
from thesedata tobe 77 minutes.

Impact of 2011 Flash Hood

"l head thatthe water was getting near or up against onebuilding at Cave Creek Ranch, but people re-
sandbagged it. The flood came down South Fork, not the main fak, and for atimeit was over the South Fork
Bridge, leaving alayer of silt ontheroadbed.” This quoteis from a loca resident and rea estateagent (Helen
Snyder).

There were no reportsof damageto buildings dueto flooding. This was likely dueto Cochise Courty
and the Natural Resouice Consevation Service working with residentsto install sandbags, K-rails, and other
flood mitigation measures. Cochise County Highway and Flooddain Department documened having to clean
out creek crosshg due to flooding. The increased flash flood risk was high for the South Fork but
low/modeate for the larger area downstream of the confluence. Therefore, for the basin above the surweyed
site, the ircreased flash 1oodrisk was low/malerate.

Verificationfor Cave Creek

Figure 49 is a burn severity map for the basin and Figure 53 providesthe raw radar for the highest 78
minuterainfal during the storm. The core of the stormmovedover grids 4F-G and 5D-F. The medan 78
minute raw radar storm amountfor the basin, 0.25 inches, is lessthan the range provided for the 1-year 60-
minute eturninterval storm(Figure 53). The gridsthatrecelved 1.25inchesto 1.55inches in 78 minutes(the
core of the storm), adjusted for 60 minutes,were within the corresponding range of valuesfor the 1-year 60-
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minutereturn interval; however, this was true for only 17% of the basin. For return intervas lessthanl year,
the 1-year returninterva is to be used (Rad and Schaffner, 200§. Using Equetion 12, the expeded flow from
the hyper-effective drainage area is 1,035cfs. This ac@muntsfor the runoff from 24% of the basin. To obtain
the rundf from the entire basin we neeal to add 76% of the basinspre-burn 1-year rundf. The basins pre-burn
rundf is 190 cfs cdculated using USGSRegion 14 equations for Upper Gila Basin (Thomas,1997. Since
there are no 1-year equations, half of the 2-yea value of 381 cfs was usal. The resulting rundf for the entire
basin is 1,035cfs plus 145 cfs = 1,180 cfs +/- 25%. Using the same procedurefor Equation 13 the resulting
rundf for theentire basinis 825cfs +/- 25%.

Equation 12 Method: A compaisonof Equation 12 methodand indirect methodresults are provided
in Figure 54. The amounts shown in Figure 54 showsthatthe Equation 12 methodcan be successfully used to
predict the indirectly observed peak flow from this pog-burn basin within the error reported. The lower
Equetion 12 methodvalue for the 1-year stormis greder thanthe meanindirect methodvalue and lessthanthe
higher indirect method value. Equation 12 is useful in determining the magnitude of the pod-burn
obseved event; and theefore, theincreased pos-burnflashflood pdentia for this basin.

Equation 13 Method: A compaison of Equation 13 methodand indirect methodresults are provided
in Figure 55. The amounts shownin Figure 55 showsthatthe Equation 13 methodcan be successfully used to
predict the indiredly observed peak flow from this pog-burn basin within the error reported. The lower and
mean Equation 13 method valuesfor the 1-year stormare greater thanthe lower indirect methodvalue and less
thanthe mean indirect methodvalue. Also the higher Equetion 13 methodvalue is lessthanthe higher indrect
methodvaue.  Equation 13 is usdul in determining the magnitude of the pog-burn obseved event; and
therefore, the inaeased pod-burn flash flood potentia for this basin when storm events have return intervals
equal to or less thn 1year.

Low I ntensity Rainfall: For Cave Crek both Equation 12 and 13 methodswere uséul in determining
the magnitude of the post-burn obseved event. This would also be true if only the runoff from the burn area
cdculated by theseequation were used, 1035cfs and 681cfs, respectively. If we use Equation 12for only 17%
of the basin, we cdculate a mean rundf value of 870 cfs; this is essentidly the same as the mean indirect
methodvalue of 880 cfs. The authorsspeculate that for such a low intensity rainfal, rundf may have been
only fromtheburn area or only from the % of the basin that recaeved al-yea stam.

IncreasedFlash Flood Risk: If we assune a 1-year event with a pre-burnpeé flow half the pre-burn
2-year pe flow of 381 cfs, thenthe pog-burn hyper-concentrated peek flow of 880 cfs was 5 timesgreater
thanthe pre-burn 1-year pe&k flow of 190cfs. As shownin Figure 3 the 5-year increased flash flood risk was
previoudy determined by Reed, Schaffner, and Kahler (20113 to be moderate for Cave Creek. Increased flash
flood risksfor 2-year and 1-year stormswere not previoudy determined. Using880 cfs / 39.4 squae miles =
22 cfs/sq.mi., the 1-year increased flashflood risk for this Cave Qreek basin would be low. Using880cfs/ 6.7
squae miles (17%of the basin) = 131cfs/sg.mi., the 1-year increased flash flood risk for this cave creek basin
would bemodeate.

Return Interval: Using Equation 12 (the preferred equetion), to obtain a mean value of 880 cfs a
returninterva of 0.820yeas would haveto be used. Thisis using orly the hyper-effective drainage area since
therunoff from theremaining area would be minimal.

NORTH FORKTHOMAS CREEK -JULY 11, 2011

OnJduly 11,2011 rainfall stated at 14:30MST and ended at 16:15MST. The 1 hour 45 minute storm
total was 1.66inches over this White Mountains basin (see Figure 56) resulting in flash flooding at the USFS
welr at the basin outlet. The site is reported in real-time as USGS 0943082, North Fork ThomasCreek nea
Alpine,AZ. Theran data are from a Salt River Projed gage at the North Fork Thomes Creek weir. The area
of the basin with modeate and high severity burnis shownin Figure 57. Figure 58 shows the channel looking
downsteam at weir. From high water marks at the weir, the USFS estimated the observed flow to be 186 cfs
+/- 10% (Joe Wagenbrenrer, USFS, personal communication, 2/2320129:10 AM). Joe Wagenbrenner says,
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fiThe North Thomascreek flow stayed within the compoundweir, but we maintaned the assumption that the
flow in the wnotch section had an open surface (whereas it was actually 'overlain' by theflow in the
redangdar weir). Sill, I'd say theNorth Thomas value is a little better, maybe +/- 10%0 (persord
communication, 2/232012 11:17 AM). A GIS analysis of the basin above te wer provided the basin
characteristics shownin Figure 59. Thetime of concentration for the basin was cdculated from these data to
be19 mnutes.

Impact of 2011 Flash Hood

The authorsfound no reports of damage other tian overtoppingof weir. Theincreased flashflood risk
is assuned modeate.

Verificationfor Nath Fork Thomas Creek

Figure 56 showsthere was 0.62 inches in 15-minutesat the basin outlet. The gage amount of 0.62
inches at the basins outlet (Figure 60) falls into the range for both the 1-year 15-minute and the 2-year 15
minute storms. Tdérefore both eturn intervals will beevaluated.

1-Year 15Minute Storm: Using Equetion 12, the expedted flow from the hyper-effedive drainage
areais 195cfs. This accountsfor the rundf from 45% of the basin. To obtaintherundf from the entire basin
we need to add 5% of the basinspre-burn1-year rundf. Thebasinspre-burnrundf is 17 cfs cadculated using
USGSRegion 12 equationsfor central Arizona(Thomes, 1997). Sincethere is no 1-year equation, half the of
the 2-year value of 33 cfs was used. The resulting runoff for the entire basinis 195cfs plus9 cfs = 205cfs +/-
25%.Usingthe same pocedure forEquation 13' theresulting runoff for theentire basinis 140cfs +/- 25%.

1-Year 15Minute Storm Equation 12 Method: A comparison of Equation 12 methodand indirea
methodresults are provided in Figure 61. The amountsshownin Figure 61 showsthatthe Equation 12 method
can be successfuly used to predict the indirectly obseved pe& flow from this pog-burn basin within the error
reported. The mean Equation 12 methodvalue for the 1-year stormis the same as the higher indirect method
value. The amourts shown in Figure 61 indicate that the Equation 12 methodcan be suaessully used to
predict the indirectly obseved pe&k flow from this pog-burn basin with a drainage area lessthan1 squae mile
and assuning al-year 15-minute stom.

1-Year 15Minute Storm Equation 13 Method: A comparison of Equation 13 methodand indirea
methodresults are provided in Figure 62. The amourts shownin Figure 62 showsthatthe Equation 13 method
can be successfuly used to predict the indirectly obseved pe& flow from this pog-burn basin within the error
reported. The higher Equation 13 methodvalue for the 1-Year Storm falls hafway between the lower and
mean indired method values. Assming a 1-year 15-minute storm, Equation 13 is usdul in determining the
magnitude of the pos-burn obseved event; and therefore, the increased pog-burn flash flood pdentia of this
pog-burnbasin with a dainage arealessthan 1 gjuare mile.

2-Year 15-Minute Storm:  Using Equation 12, the expeded flow from the hyper-effective drainage
areais 335cfs. This accountsfor therundf from 45% of the basin. To obtaintherundf from the entire basin
we redl to add 55% of the lasinspre-burn 2yea runoff. The tasinspre-burn rundf is 33 cfs cdculated using
USGSRegion 12 equationsfor centra Arizona(Thomas,1997. The resuling rundf for the entire basin is
334 cfs plus 18 cfs = 350 cfs +/- 25%. Using the same procedure for Equation 13 the resulting runoff for the
entire basinis 240cfs +/- 25%.

2-Year 15-Minute Storm Equation 12 Method: A comparison of Equation 12 methodand indireda
methodresults are provided in Figure 63. The amountsshownin Figure 63 showsthatthe Equetion 12 method
can not be suwccessfuly usedto predict the indiredly observed pedk flow from this pog-burn basin within the
error reported.  Thelower Equetion 12 methodvalue for the 2-year storm is greaer than the higher indirect
methodvaue by 55 cfs.  This is to be expeded sincethe basin has a drainage area lessthan1 squae mile.
Although close,the amountsshownin Figure 63 indicae that Equation 12 methodcan not be suaessfuly used
to predict the indirectly obseved peak flow from this post-burn basin with a drainagearea lessthan 1 squae
mile.

!4 Crannel slope used unmodified (basn lessthan 1 square mile and also in Central Arizona Highlands).
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2-Year 15-Minute Storm Equation 13 Method: A comparison of Equation 13 methodand indired
methodresults are provided in Figure 64. The amountsshownin Figure 64 showsthatthe Equation 13 method
can be successfuly used to predict the indirectly obseved ped flow from this pog-burn basin within the error
reported.  The lower Equation 13 methodvalue for the 2-year stormis essentidly the same as the mean
indirect methodvalue.  Assunming a 2-year 15-minute storm, Equation 13 is usdul in determining the
magnitude of the pog-burn obseved event; and therefore, the increased pog-burnflash flood potential for this
basin with a dainage arealess than 1care mile.

IncreasedFlash Flood Risk: If we assune a 1-year event with a pre-burnpe flow half the pre-burn
2-year pe flow of 33 cfs, thenthe pod-burn hyper-concentrated peak flow of 186 cfs was 11 timesgreder
thanthe pre-burn 1-year pe&k flow of 17 cfs. This is in good agreementwith Wagenbrenner, J., P. Robichaud,
and R. Brown (2011). Theobseved pog-burn hyper-concentrated peek flow of 186 cfs was 5.6 times greater
thanthe pre-burn 2-yea ped flow of 33 cfs. North Fork of Thomas Creek is within the Upper Beaver Creek
drainage shownon Figure 5. The 2-year, 5-yea (Figure 5), and 10-yea increeased flash flood risk were
previoudy determined by Reed, Schaffner, and Kahler (2011c) to be low for the larger drainage.  This
illustratesthat the increased flash flood risk for a 37 squae nile basin cannotbe applied to a rested headwater
basin lessthan1 squae mile. However, independently the Reed-Schaffner equations can be used suaessfuly
for smaller and larger size basins. Usng 186 cfs / 0.70 squae miles = 265 cfs/sg. mi., the 1-year increased
flash flood risk for this North Fork Thomas Creek basin would be moderate. Or using 186 cfs / 0.70 squae
miles= 265 cfs/sg.mi., the 2-year increased flashflood risk for this Nath Fork Thomas Creek basin also would
bemodeate.

Return Interval: Using Eqation 13 (the preferred equation for basinslessthan1-squae mile) to get a
mean value of approximately 186 cfs, a return interval of 1.62 years would have to be used. This is using oy
the hyper-effedive drainagearea since therunoff from theremaining areawould beminimal.

SOUTHFORK THOMAS CREEK-JULY 11, 2011

OnJuly 11,2011 rainfall stated at 14:30MST and ended at 16:15MST. The 1 hour 45 minute storm
total was 1.66 inches over this White Mountains basin (see Figure 65) resuting in over topping of the USFS
weir a thebasinoutet. Thissite is very closeto the North Fork Thomas Creek weir. Therain dataare froma
Salt River Projed gage at the North Fork Thomas Creek weir. The area of the basin with modeate and high
severity burn is shownin Figure 66. Figure 67 showsthe channel looking downsteam at weir. From high
water marks at the weir, the USFS estimatked the obsaved flow to be 308 cfs +/- 20% (Joe Wagenbrenner,
USFS, persoral communication, 2/232012 9:10 AM).  Joe Wagenbrenrer says, fiThe South Fork Thomas
Creek estimate wasnorecomplicaed becausethe flow also overtopped the compoundweir, so+/- 20% would
be a gooderror estimatefor that valued (persoral communication, 2/23201211:17AM). A GIS analysis of
the basin abovethe weir providedthe basin characteristics shownin Figure 68. Thetime of concentration for
the lasin was calculated from thesedata tobe 30 minutes.

Impact of 2011 Flash Hood

The authorsfound no reports of damage other han overtoppingof weir. Theincreased flashflood risk
is assurad tobemodeate.

Verificationfor Sauth Fork Thomas Creek

Figure 65 showsthere was 1.07 inches in 30-minutesat the basin outlet. The gage amount of 1.07
inches at the basins outlet (Figure 69) falls into the range for both the 2-year 30-minute and the 5-year 30-
minute storms. Tdxefore both eturn intervals will be evaluated.

2-Year 30-Minute Storm:  Using Equation 12", the expedted flow from the hyper-effective drainage
areais 234cfs. This accountsfor the rundf from 81% of the basin. To obtainthe rundf from the entire basin

!> Channel slope used unmodified (basn lessthan 1 square mile and also in Central Arizona Highlands).
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we nedl to add 19% of the basinspre-burn 2-yea rundf. The basinspre-burnrundf is 38 cfs cdculated using
USGSRegion 12 equationsfor central Arizona(Thomes, 1997.  Theresuling rundf for the entire basin is
234 cfs plus 7 cfs = 240cfs +/- 25%. Usingthe same procedure for Equation 13" the resulting rundf for the
entire basinis 165cfs +/- 25%.

2-Year 30-Minute Storm Equation 12 Method: A comparison of Equation 12 methodand indired
methodresults are provided in Figure 70. The amountsshownin Figure 70 showsthatthe Equetion 12 method
can be successfuly used to predict the indirectly obseved ped flow from this pog-burn basin within the error
reported. The higher Equetion 12 methodvalue for the 2-year stormis essentidly the same as the mean
indirect methodvalue (within 10 cfs). Also the mean Equation 12 method value is essentidly the same as the
lower indirect methodvalue (within 5 cfs).  Equation 12 is useful in determining the magnitude of the pog-
burnobseved event; and therefore, the ircreased pog-burnflash flood pdential for this basin.

2-Year 30-Minute Storm Equation 13 Method: A comparison of Equation 13 methodand indired
methodresults ae provided in Figure 71. The amounts shown irFigure 71shows that Ecgtion 13methodcan
not be suaessfuly used to predict the indirectly obseved peak flow from this pog-burn basin within the error
reported. The higher Equation 13 methodvalue for the 2-year stormis lessthan the lower indirect method
value by 40 cfs. Equation 13 is not useful in determining the magnitude of the pog-burn obseved event; and
therefore, the increased pod-burn flash flood potential for this basin with a drainage arealessthan 1 squae
mile. SinceEquetion 13 des not wak, it is likely that thereturn interval of thestorm was greaerthan 2 years.

5-Year 30-Minute Storm:  Using Equation 12, the expeded flow from the hyper-effective drainage
areais 479cfs. This accountsfor therundf from 81% of the basin. To obtaintherundf from the entire basin
we need to add 9% of the basinspre-burn5-year rundf. The basinspre-burn runoff is 101 cfs cdculated using
USGSRegion 12 equationsfor central Arizona(Thomes, 1997).  Theresulting runoff for the entire basin is
479 cfs plus 19 cfs = 500 cfs +/- 25%. Using the same procedurefor Equation 13 the resulting runoff for the
entire basinis 335cfs +/- 25%.

5-Year 30-Minute Storm Equation 12 Method: A comparison of Equation 12 methodand indired
methodresults are provided in Figure 72. The amountsshownin Figure 72 showsthatthe Equetion 12 method
can be successfuly used to predict the indirectly obseved pes flow from this pog-burn basin within the error
reported. The lower Equation 12 methodvalue for the 5-yea stormis essentidly the same as the greder
indirect methodvalue (within 5 cfs).  Equation 12 is usdul in determining the magnitude of the pod-burn
obseved event; and theefore, the increased pos-burnflashflood poentia for this basin.

5-Year 30-Minute Storm Equation 13 method: A comparison of Equation 13 methodand indired
methodresults are provided in Figure 73. The amountsshownin Figure 73 showsthatthe Equetion 13 method
can be successfuly used to predict the indirectly obseved pes flow from this pog-burn basin within the error
reported. The mean Equetion 13 methodvalue for the 5-year stormis greder thanthe mean indirect method
value and lessthan thehigher indired methodvalue. Also the lower Equation 13 methodvalue isgreaer than
thelower indirect method value. Equation 13is usdul in determining the magnitude ofthe pog-burn obseved
event; and therefore, the increased pog-burnflashflood potental for this basin with a drainage area lessthan 1
squae mile.

IncreasedFlash Flood Risk: Theobserved pod-burnhyper-concentrated peak flow of 308 cfs was 8.1
timesgreater thanthe pre-burn 2-year peak flow of 38 cfs. Thisis in fair agreement with Wagenbrenner, J., P.
Robichaud, and R. Brown (2011). The obseved pog-burn hyper-concentrated peek flow of 308 cfs was 3
timesgreater thanthe pre-burn 5-year peak flow of 101cfs. South Fork of Thomas Creek is within the Upper
Beaver Creek drainage shownon Figure 5. The 2-year, 5-yea (Figure 5), and 10-year increased flash flood
risk was previoudy determined by Reeal, Schaffner, and Kahler (2011¢) to below for thelarger drainage. This
illustratesthat the increased flash flood risk for a 37 squae mile basin cannotbe applied to a rested headwater
basin lessthan1 square mile. However, independently the Reed-Schaffner equations can be usedsucessfuly
for smaller and larger size basins. Using 308 cfs / 0.89 squae miles = 346 cfs/sq. mi., the 2-year increased
flash flood risk for this South Fork Thomes Creek basin would be moderate. Or using 308 cfs / 0.89 squae
miles= 346 cfs/sg.mi., the 5-year increased flashflood risk for this South Fork Thomas Creek basin also would
bemodeate.
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Return Interval: Using Equation 12 to get a mean value of approximately 308cfs, areturninterval of
2.8 years would have to beused. Using Eqution 13 (the preferred equation for basinslessthan1-squae mile)
to get amean value of approximately 308cfs, areturninterva of 5 years would have to be used. Thisis using
only the hyper-effective drainage areasincethe runoff from theremaining area would beminimal.

HANNAGANCREEKATHIGHWAYO1 -JULY 11, 2011

This White Mountains basin is very closeto the North Fork Thomas Creek weir (Figure 74). Therain
data are from a Salt River Projed gage at the North Fork Thomes Creek weir. OnJuly 11,2011rainfall stated
at 14:30MST and ended at 16:15MST. The 1 hour45 minutestormtotal was 1.66inches (Figure 75). The
area of the basin with modeate and high severity burnis shownin Figure 76. Figure 77 showsthe channel
looking upstrem of culvert under US Highway 191. Figure 78 showsthe channel looking dowrstream of the
culvert under US Highway 191. Figure 79 shows the areaabove the culvert where Hannagan Creek flowed
over the road during the event.  Channel characteristics for thesesites are shownin Figure 80. Usingthe
channel charaderistics and high water marks from Figures 77-79 and depth of flow over road reported by
AZDOT (4-8 feet), the authorsestimated the flow to be 1,430cfs +/- 60%. A GIS anaysis of the basin above
the culvert providedthe basin characteristics shown in Figure 81. The ime of concentration for the kesin was
cdculatedfrom thesedata to be 73 nmutes.

Impact of 2011 Flash Hood

Joe Wagenbrenner of USFS says regarding the July 11, 2011 stom, fiA debris flow occurred from the
same stormjust to the south of South Fork Thomas Creek, but we did not esimateflow rate for that drainage
(persorel communication, 2/2/20124:00 PM). The Hannagan Creek basin is located justsouthof South Fork
Thomes Creek.

As estimated from several figures provided by AZDOT and as reported by AZDOT in severa personal
communications: A box culvert (10 fed x 6 feet and about 40 feet long) under US Highway 191 becane
blocked at mile marker 235.9causingHannagan Creek to flow over US Highway 191 (see Figure 79). Flow
was 4-8 feet deep over road aboveculvert (nea where personis standingin photo). Perpendicular to diredion
of flow, from highwater mark to highwater mak, was a digance of 980feet (in photoyou can see far highwater
mak nea yellow sign). Theflow over the roadwas primarily due to the culvert being blocked by a debris
flow. Theincreased flash floodrisk was modrate/high.

Verification for Hannagan Creek atHighway 191

Figure 75 showsthere was 1.60 inches in 75-minutesat the basin outlet. The gage amount of 1.60
inches at the basins outlet (Figure 82) falls into the range for both the 5-year 75-minute and the 10-year 75-
minute storms. Tdérefore both eturn intervals will beevauated.

5-Year 75-Minute Storm:  Using Equation 12*°, the expected flow from the hyper-effective drainage
areais 233cfs. This accountsfor therundf from 28% of the basin. To obtainthe rundf from the entire basin
we need to add 2% of the basinspre-burn5-year rundf. The basinspre-burn runoff is 302 cfs cdculated using
USGSRegion 12 equationsfor central Arizona(Thomes, 1997).  Theresultiing runoff for the entire basin is
233cfs plus217cfs =450 cfs +/- 25%.

5-Year 75-Minute Storm Equation 12 Method: A comparison of Equation 12 methodand indired
methodresults are provided in Figure 83. The amountsshownin Figure 83 showsthatthe Equation 12 method
can be successfuly used to predict the indirectly obseved ped flow from this pog-burn basin within the error
reported. The higher Equation 12 methodvalue for the 5-year storm is essentidly the same as the lower
indirect methodvalue (within 5 cfs).  Equetion 12 is usdul in determining the magnitude of the pod-burn
obseved event; and theefore, the increased pog-burnflash flood pdential for this basin.

'® Channel slope used unmodified (basin isin Central Arizona Highlands).
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10-Year 75-Minute Storm: Using Equation 12, the expeded flow from the hyper-effective drainage
areais 400 cfs. This accountsfor therundf from 28% of the basin. To obtainthe rundf from the entire basin
we nee to add 72% of the basins pre-burn 10-yea runoff. The basins pre-burn rundf is 539 cfs cdculated
using USGS Region 12 equations for central Arizona(Thomas,1997). Theresulting rundf for the entire
basinis 400cfs plus 38&fs =790cfs +/- 25%.

10-Year 75-Minute Storm Equation 12 Method: A comparison of Equation 12 methodand
indirect methodresults are providedin Figure 84. Theamourts shownin Figure 84 showsthatthe Equation 12
methodcan be successully usedto predict the indirectly observed pe&k flow from this pog-burn basin within
the error reported.  The higher Equation 12 method vaue for the 10-year stormis lessthanthe mean indirect
methodvalue and greder thanthe lower indired methodvalue. Also the mean Equation 12 method value is
greder thanthe lower indired methodvalue and the lower Equation 12 methodvalue is essentially the same as
the lower indirect method value (within 20 cfs). Equetion 12 is usdul in determining the magnitude of the
pog-burnobseved event; and tlerefore, the ircreased pos-burnflashflood potentiaffor this basin.

IncreasedFlash Flood Risk: The observed post-burn hyper-concentrated peak flow of 1,430cfs was
4.7 timesgreater thanthe pre-burn 5-year pe& flow of 302 cfs. The observed pog-burn hyper-concentrated
pe& flow of 1,430cfs was 2.7 timesgreater thanthe pre-burn 10-year peak flow of 535cfs. Hannagan Cresk
is within the Upper Beaver Creek drainage shown on Figure 5. The 2-year, 5-yea (Figure 5), and 10-year
increased flashflood risk was previoudy determined by Reed, Schaffner, and Kahler (2011c) to below for the
larger drainage. Thisillustratesthattheincreased flashflood risk for a37 squae mile basin cannot be applied
to a nested headwater basin with a drainage areaof 4.37square miles. However, independently the Reed-
Schaffner equationscan be usedsucessfuly for smaller and larger size basins.  Using 1,430cfs / 4.37 square
miles =327 cfs/sg.mi., the 5year increased flashflood risk for this Hannagan Creek basin would be modeate.
Orusing 1,430cfs / 4.37squae miles= 327 cfs/sg. mi., the 10year increased flashflood riskfor this Hannagan
Creek basin wouldaso be modeate.

Return Interval: Becauseof the storm size (likely a 10-year return interval~’); the rundf from the
nonthyper-effedive areais not minimd. Therefore, thereturn interva can not be cdculated by usng Equetion
12 and assuming runoff from only the hyper-effective drainage area If we assune that 990 cfs (Figure 82) is
correct, thenthe return interval needed for a stam over just the hyper-effed drainage area (1.21 square miles)
would be 30 yeas. If we assune that990 cfs is correct, thenthe return interval neaded over the entire basin
(4.37squae miles) prior to it being bumed is 25-yeas. However, a 10-year return interval stormwill resultin
arunoff of 990 cfs from amixture of hyper-effect and pre-burn, i.e., themethod u®d in this report (Figure 82).

17);

VERIFIATIONSUMNARY

The useof the Read-Schaffner Equetions 12 and 13 verified for the Central ArizonaHighlandsand the
Sky IslandComgdex of southeastan Arizona(Figure85). For pe&k flows lessthan1,100 cfs, Equations12 and
13 begin to converge (Figure 12) and provide essentially the same answer. As expeded, becaisethe Centra
Arizona Hihlands are outdde of thearea for which the origina equations were developed (he Sky Island
Compex of soutteastan Arizona)the equations had to be slightly modfied. For the Central Highlandsthe
channel relief ratio was usedrather than the modfied channel relief ratio. Equation 13 was used for storms
with return intervals lessthanl yea and for basins with drainage areas lessthanl squae mile. If theflow is
known, Equetion 12 can be usedto determinethereturnintervas for thoseeventswith returnintervals lessthan
1.

Once the flow has been determined directly or indirectly by anothermethod, Equetion 12 and 13 can be
solvedfor any variable, including the return interval of the causativestorm, using only the hyper-effective
drainage area. Figures 86 (Sky IslandBasins) and 87 (Central Highland Basins) show the calculated return

Y The 10-yearreturn interval storm hasa 41%chance of being equaledor exceeded one or moretimesduring the assumed burn
recovery period of five yearsfor the three 2011Arizona fires studied.
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intervals for the seven of the eight basinsassuming therunoff from the non-hyper-effedive drainage areato be
minimal.  Equation 12 was usedfor the basins with drainage areas equal to or greder than 1 squae mnile.
However, sinceSouth Fork of Thomas Creek was amost competely bumed and has a drainage area close to 1
squae mile, the stormeturn interval is considercloserto 2.8 yeas then Syeas.

As shownon Figure 88, using theEquation 12 and cdculated return intervals, Miller Creek has the
highest multivariate runoff index and highest 2011 pe& flow for theseSky Island and Central Highlandbasins
with drainageareas equa to or greater than1 square mile.  As shownon Figure 89, using Equation 13 and
cdculated return intervals, Old Sawmill Canyon has the highest multivariate rundf index and highest 2011
pe&k flow for these Sky Islandand Central Highland basins with drainage areas lessthan1 square mile. For
thesebasins, the channel relief ratio was usedunmodfied. On thesefigures, basin parameters are ranked by
flow and only mvi; increases the same as flow (see Figures 88-90). It is this obsevation in previous studes by
Reed and Schaffner thatled usto the definition of the hyper-effedive drainage areaand the developmentof the
multivariate rundf index. Figure 91 showsthe resulting new curves if the new 8 basinsare added to the data
usedin Figure 12. Figure 92 showsthe equations using only those basins with mvi values less than 1.
However, because of he large reported error for severa of the new basins, it is recommended thatthe aiginad
equationscontinueto beusedat thistime.

Basin Specific 5-year Post-Burn to Pre-Burn Pe& HowRatio

The 5-year return interval storm calculated pog-burn peaks have a 67% chance of being equaled or
excealed oneor moretimesduring the assumed burn recovery period of five years for the three 2011 Arizona
fires studed. Figure 93 showsthe 5-year total watershed peak flow responseunder burn condtionsin the
Santa Gatalina (Sabino,Alder, Campo Bonito, Romeo, Cafada del Oro), Santa Rita (Madera), Chiricahua
(Cave, East Turkey), Huachuca (Mil ler, Ash, Old Sawmill), White (SouthFork Thomas, North Fork Thones,
Hannagan Cree&k at Highway 191), and Pinaleno Mountains (Marijilda, Frye, Deadman, Noon, Wet).
Numericd valuesare theratio of Equation 13 post-burnvauesto pre-burnvalues. Pog-burn responseis up to
107.6timesgreater than pre-burn peak flow. Equetion 13 was usedbecaisethe data were readily available, if
Equation 12 was used the ratioswould be higher. Theratio of post topre can be grouped into three caegories:
1) Santa Cadlina, SantaRita, Chiricahua, and White; 2)Huaduca; and 3)Pinaleno Moungins. The  studed
mourtain ranges from north to southare: White Moungins, Pinaleno Mountains,Santa Gitalina Moun&ins,
ChiricehuaMountains, Santa Rita Mountains, and Huachuca Mountains.  Within the Sky IslandComgex, the
north most(Pinaleno) and south mos(Huadchuca) mourtains havethe greatest esponsgFigures 38).

Thefive Sky Island mountainranges studed by Reed and Schaffner are indicated by red stas on Figure
94. Figure 95 showsthe biotic communities of White, Pinaleno, and Huadchuca Mountains. All the Sky Island
Mountains have the pine-woodland biotic community (Marshell 1957). Becaiseof their relief and vegetation
similarities, the Equation 12 and 13 methodscan likely be applied to all of the Sky Islandsof Arizonaand New
Mexico. TheWhite Mountainsare in the Central Highlands,a biotic community transition zone and do not
have the pine-oak wood ands common to the Sky Islands. Becauseof their relief and vegetation similarities,
the modifed Equation 12and 13 methodsan likely beapplied to all of theCentral Highlands lasins.

Groupingthe basinsby geophysical provinces and utilizing a pog-burn multivariate rundf index alows
thecompex nature of thesebasinsto be simplified to the useof four variables: 1) hyper-effective drainage area,
2) average basin elevation, 3) channel relief ratio or modfied channel relief ratio, and 4) the return interva of
the causative stormewvent. The resulting empiricd equations allow the basin speific pog-burn to pre-burn
pedk flow ratio to becdculated for 1 year to 10year events,and withlessaccuracy for eventslessthan 1year.

5-Year Post-Burnto 201 10bserved Pe& How Ratioand Increased HashFlood Risk

The 5-year return interval storm calculated pog-burn peaks have a 67% chance of being equaled or
excealed oneor moretimesduring the assumed burnrecovery period of five years for the three 2011 Arizona
firesstuded. Figure 96showstheratio of 5-yea pod-burn to 2011 obseved pea flows. Hannagan Creek at
Highway 191 is not shown becausethe 2011 event had a return interva greder than5 years. Although the
2011 flows in Mil ler Canyon were significant, the basin can experience 5-year pe&k flows twice the magnitude
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of the 2011 obseved peak. The increased relative flash flood risk for 2011 pog-burn and 5-year pog-burn
pe&k flows are shownin Figure 97. For these spedfic basins, the MonumentFire basins are at greaer pog-
burn5-year risk thanthe Horseshoell Fire and Wallow Fire basins. The 201lobseved impads and cdculated
increased flash flood risk are shownin Figure 98. For all sites with obervations,theimpads are in agreement
with the cdculated risks. For East Turkey Creek and Cave Creek initial impads may have been reduced by
flood proofing. For Hannagan Creek at Highway 191initial impacts may have been increased by infrastructure
fallure or blockage. Figure 99 shows aompaison of obseved and calculated e flows for mean values othy.

Projected Recovery for 5-Year Post-Burn Peak Flows (Assumind.inear Recowery over

5-Year Period)

The 5-year return interval storm calculated pog-burn peaks have a 67% chance of being equaled or
excealed oneor moretimesduring the assumed burnrecovery period of five years for the three 2011 Arizona
fires studed. Figure 100 showsthe projected hydrologic recovery for 5-year return interval peak flows (cfs)
assuming a linear recovery rate. Figure 101 showsthe projeded hydrologic recovery for 5-year return interval
pe&k flows (cfs/sq mi)assumingalinear recovery rate and theassocated ncreased flash floodrisk.

Precipitation Thresholds

Predpitation thresholdsfor different levels of flash flood impads can be determined from the 8basins
and utilizing return interval estimationsto fill in theremaining matrix. Figure 102 showsthe White Mountain
thresholds. Figure 103 showsthe Chiricahuaand Huachuca Mountains thresholds.  Figure 104 showspog-
burn precipitation thresholds for modeate impacts.  Figure 105 showspod-burn precipitation thresholdsfor
high impads. Figure 105 showspog-burn preapitation thresholdsfor extremeimpads. The lasins shownon
eadt graph are theones used to develop the thresholds shownand thereturn intervas of thoseevents were usd
to fill in the remainingvaues. To fill in the extreme values, the precipitation assocated with the next higher
than high impad return intervals were wsed in Figure 106. The esimated thresholdsshouldbe consicered
preliminary and replace as moredata becomeavailable, ie., with thosebased onfutureobserved impads.

DISCUSSION

Immediately after the fires, rainfal events with return periods from lessthan 1 year to 10 years caused
hyper-concentrated flows in the 8 basinsdocumented here. During the2012-2015monsoorseasonsthe chance
for pog-burn increased flash flood risk continues to be aconcen for theseareas as documeried in Redl,
Schaffner, and Kahler (20113, b, & ¢). Thisis espedally trueif | arge return interval events acur.

The 2011 Reed, Schaffner, and Kahler reports (2011a, b, & ¢) demonsteted that the increased flash
flood potential for pog-burn basins impaded by the Horseshoe I, Monument,or Wallow Fires could be
determined shorty after the burns.  The method was developed based upon previous reports by Reed and
Schaffner (2007 and 2008) and Schaffner and Reed (200ba & b). This report verifiesthe method usedin these
ealier reports in that two Reed-Schaffner equations are shown to sucessfully predict the pes flows for the
eight pog-burn basins documened in thisreport. Equation 12 is showro beusdully for pog-burn basinswith
drainage areas equal to or greaer than 1squae mle when stormevents have return intervals equal to or greater
thanl year. Equetion 13 is shownto be usdully for pod-burn basinswith drainageareas lessthanl1 squae
mile and/orwhen the storm returninterval is lessthanl year. For basinswith drainage areas lessthan 1 squae
mile or for thoselocaed in the Central ArizonaHighlands, the channel relief ratio shouldbe used unmodfied.
For basinswith drainage areas equal to or greaer than1 square mile and locatedin the Sky IslandCompgex of
soutleastan Arizona, thechannel relief ratio should baisedas defined in Read and Schaffner (2008).

As dacumentd in this report, itis passible for:
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1. Storm events with return intervals lessthan 1 yea to causeloca flooding in pog-burn basins
(East Turley Creek, Ash Creek, and Cave Creek),

2. Pog-burn basinswith drainage areas lessthan1 squae mile to experience local flooding (Old
Sawmill Creek, North Fork Thomas Ceek, and SouthFork Thomas GCaek),
3. Pod-burnbasinsgreaer thanl squae mile with 2-year stormsto experience significant flooding
(Mil ler Canyon) in the Huadhuca Mountains, and
4. Pog-burnbasinsgreaer thanl squae mile with 10-year stormsto experience moderate flooding
(Hannagan Creek at Highway 191)in the White Mountains.
As documengd in this report, Reed-Schaffner equationscan be usedo successfuly estimatethe hyper-

concentrated peak discharge from pog-bumed basinsin the Sky Island Comgdex of soutleastan Arizonaand
the CGentral ArizonaHighlands.

As documenged in this report, Reed-Schaffner equations can be usedto suaessfuly estimae the
increased flash flood risk assocated withthe hyper-concentrated pe&k discharge from pod-burred basinsin the

Sky Island Comgdex of southeastan Arizona and the Central Arizona Highlands.  For the eight pog-burn
basinsevaluated the ncreased flash floodrisk ranged from modeate to high.

CONCLUSIONS

x Real-Schaffner equations can be used successfuly to predict the pog-burn increased flash flood risk for
basinsin the Sky IslandCompgdex of soutteasten Arizona.

x Modified Reed-Schaffner equations can be used suaessfuly to predict the pog-burnincreased flash flood
risk for basinsin the Gentral ArizonaHighlands.

x  The methodolgy usedin Reed, Schaffner, and Kahler (20113 b, & c) is valid untl suchtime as a more
sophistcaed nmethod beomesrealily available.

x  During the2012-2015monsoon sasonsthe chance for pog-burn inareased flashflood risk continues to bea
concern for these areas as dacumened in Read, Schaffner, and Kahler (20114, b, & c).
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ALTERNATIVE EMPIRICALT-YEAR POST-BURN EQUATION FOR SOUTHEAST ARIZONA WATERSHEDS
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For Low Flow Basins (less than 1,100cfs): Equations 12 & 13 give essentially the same answer,

Figure 12. Equation 12 and 13 were generated from a data setof 37 values developed fromthe original
data =t of 11 basinsto better definethe envelope curve. The best fit equation (Equation 13) stayed the
sameasEquation 3 that used only 11 data points. For low flows (less han 1,100cfs), Equations 12 & 13
converge.
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Miller Canyon
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Figure13. USFSImage of rain falling over Miller Canyon, Monument Fire Burn Area, onJuly 10, 2011
(usedwith permission).
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Figure 14. Miller Canyon 4-Hour Storm Total (inches),the Centroid of the Basin Lies within Grid 3D.

Miller Canyon Channel Characteristics
CrossSedion# n  Area(squarefeet) Wetted Perimeter (feet) slope Q(cfs)  Veocity (ft/sec)
1 0.075 425 107 0.084 6,115 14.4
2 0.056 295 114 0.084 4,275 14.5
3 0.055 275 109 0.084 3,990 14.5
avg 4,7%° 14.5

Figure 15. Miller Canyon Channel Characteristics and Calculated Values

¥ UsGScalalated 4,900cfs using a different method. Two methodsare within 105cfs, i.e., are within 2%.
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Figure 16. Miller Canyon Channel Upstream of Surveyed Reach: Manningén = 0.050- 0.055.
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Lat: 31.25.16 N
Long: 110.15.52 W,
Total Area (sq.mi.) 3.57
High Burn Severity (sg. mi.) 1.26
Moderate Burn Severity (sg.mi.) 1.55
Pog-Burn Hyper-effedive Area (sq. mi.) 2.80
Modified Channel Relief Ratio 0.1671
Modified Elevation Difference (ft) 2,824
Modified Stream L ength (ft) 16,900
Mean Basin Elevation (ft) 7,407
Basin Elevation Difference (ft) 4,074
Stream Length (ft) 19,680
Time of Concentration (min) 29

Figure 17. Miller Canyon Basin Characteristics.

¥ Basin is above cross sectionssurveyed by Tucson Weather Foreast Office (TWQ).
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Figure 18. Noticethe debris onthe car port roof and highwater mark stain on the two shown sides of the
building. This photo was povided courtesy of BAER team and was taken theday after the lower Miller

Canyonflashflood.
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Figure 19. Miller Canyon Burn Severity Map, the Centroid of the Basin Lies Within Grid 3D.
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MILLER BASIN
1yr 30min 2yr 30min

ID LAT LON RAW RADAR LOWER MEAN UPPER LOWER MEAN UPPER
1A 31.424 -110.288 1.50 0.88 0.99 1.13 113 1.28 1.45
1B 31.424 -110.281 145 0.84 0.95 1.08 1.08 1.22 1.39
1C 31.424 -110.275 145 0.80 0.90 1.03 1.02 1.16 131
2A 31417 -110.301 1.50 0.95 1.07 1.22 1.22 1.38 1.56
2B 31.417 -110.294 1.50 0.92 1.03 1.18 117 133 151
2C 31417 -110.288 1.50 0.92 1.03 1.18 117 133 151
2D 31.417 -110.281 1.50 0.88 0.99 112 112 1.27 1.44
2E 31.417 -110.275 040 0.83 0.93 1.06 1.06 1.20 1.36
2F 31.417 -110.268 040 0.78 0.88 1.00 1.00 1.13 1.28
3A 3141 -110.314 1.25 1.00 1.13 1.28 1.28 145 1.65
3B 3141 -110.308 1.60 0.99 111 1.26 1.26 143 1.62
3C 3141 -110.301 1.60 097 1.09 1.24 1.24 1.40 1.59
3D 3141 -110.294 1.50 0.94 1.05 1.20 1.20 1.36 1.54
3E 31.41 -110.288 1.10 0.94 1.05 1.20 1.20 1.36 154
3F 3141 -110.281 1.10 0.89 1.01 1.15 1.15 1.30 147
3G 3141 -110.275 1.10 0.84 0.95 1.08 1.08 1.23 1.39
4A 31.404 -110.314 1.25 0.99 1.12 1.27 1.27 144 1.63
4B 31.404 -110.308 1.25 0.98 111 1.26 1.26 143 1.62
4C 31.404 -110.301 1.35 097 1.09 1.24 1.24 141 1.59
4D 31.404 -110.294 1.25 094 1.06 121 121 1.37 155
4E 31.404 -110.288 1.25 094 1.06 121 121 1.37 155
4F 31.404 -110.281 1.10 091 1.02 1.16 1.16 131 1.49
5A 31.397 -110.308 040 0.98 111 1.26 1.26 143 1.62
5B 31.397 -110.301 040 0.97 1.09 1.24 1.24 141 1.59
5C 31.397 -110.294 1.35 0.94 1.06 121 121 1.37 155
5D 31.397 -110.288 1.25 0.94 1.06 121 121 1.37 155
6A 31.391 -110.301 040 097 1.09 1.24 1.24 1.40 1.59
6B 31.391 -110.294 1.35 0.95 1.07 1.22 1.22 1.38 1.56
MEAN 1.18 0.92 1.04 1.18 1.18 1.34 152
MEDIAN 1.25 0.94 1.06 121 1.21 1.37 155

Figure 20.  Miller Canyon by Grid Time of Concentration (30-Minute) Raw Radar Storm Amounts
(inches) and 1-Year and 2-Year Return Interval Amounts (inches). TheseGrids Match ThoseShown on
Figure 18.
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Eguation 12 Method Indirect Method
Lower Mean  Higher  Lower Mean  Higher
3,015 4,020 5,025 3,920 4,900 5,880

t f

Figure 21. Miller Canyon Comparison of Results for Peak Flow: The Higher Equation 12 Valuefor the
2-Year Storm is Greater Than the Mean Indirea Method Value and LessThan the Higher Indired
Method Value. Also theMean Equation 12 Valueis Greater Than the Lower Indired Method Value.
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Figure 22. Miller Canyon Comparison of Results for Peak Flow: Range of Agreement.
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East Turkey Creek
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Figure 23. EastTurkey Creek August 15 Rainfall Total from 2103-214%Z: the Centroid of the Basinlies
within Grid 4E.
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Figure 24. East Tirkey Creek Burn Severity Map.

East Turkey CreekChannel Characteristics

CrossSedion# n  Area(squarefeet) Wetted Perimeter (feet) slope Q (cfs) Veocity (ft/sec)
1 0.055 70 35.0 0.0298 520 7.4
2 0.037 40 26.6 0.0298 365 9.1
3 0.045 60 31.0 0.0298 530 8.8
avg 470 8.4

Figure 25. East Tirkey Creek Channel Characteristics and Calculated Values.
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Figure 26. East Turkey Creek Looking Upstream From Cross Sedion 2 towards Cross Sedion 1:
Manningé n = 0.045- 0.050.
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Lat: 31.55.36 N
Long: 109.13.20 W,
Total Area (sq.mi.) 4.38
High Burn Severity (sq.mi.) 0.50
Moderate Burn Severity (sq.mi.) 0.93
Pog-Burn Hyper-effedive Area (sg. mi.) 1.43
Modified Channel Relief Ratio 0.1210
Modified Elevation Difference (ft) 2,396
Modified Stream L ength (ft) 19,794
Mean Basin Elevation (ft) 7,410
Basin Elevation Difference (ft) 3,646
Stream L ength (ft) 25,876
Time of Concentration (min) 41

Figure 27. East Tirkey Creek Basin Characteristics.

? Basin is above Cross sectionssurnveyed by Tuson Weather Foreast Office (TWC).
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East Turkey Creek - August 15, 2011 D3PM - 2:45PM M ST

1yr 30min

ID LAT LON RAWRADAR LOWEF MEAN UPFPER
1A 31.927 -109.224 0.00 0.73 0.86 1.02
2A 31.921 -109.264 0.00 0.79 0.93 1.09
2B 31.921 -109.257 0.00 0.78 0.92 1.08
2C 31.921 -109.251 0.00 0.77 0.91 1.07
2D 31.921 -109.244 0.10 0.76 0.89 1.05
2E 31.921 -109.238 0.00 0.76 0.89 1.05
2F 31.921 -109.231 0.00 0.75 0.88 1.04
2G 31.921 -109.224 0.00 0.73 0.86 1.02
3A 31.914 -109.277 0.20 0.81 0.95 1.12
3B 31.914 -109.271 0.20 0.81 0.95 1.12
3C 31.914 -109.264 0.20 0.80 0.94 1.11
3D 31.914 -109.257 0.10 0.79 0.93 1.10
3E 31.914 -109.251 0.10 0.78 0.91 1.08
3F 31.914 -109.244 0.10 0.77 0.90 1.07
3G 31.914 -109.238 0.00 0.76 0.90 1.07
3H 31.914 -109.231 0.00 0.76 0.89 1.05
3 31.914 -109.224 0.00 0.74 0.87 1.03
4A  31.908 -109.284 0.00 0.82 0.96 1.13
4B 31.908 -109.277 0.20 0.81 0.95 1.12
4C 31.908 -109.271 0.20 0.82 0.95 1.12
4D  31.908 -109.264 0.20 0.80 0.94 1.11
4E  31.908 -109.257 0.10 0.80 0.93 1.10
4F  31.908 -109.251 0.10 0.78 0.92 1.09
4G  31.908 -109.244 0.10 0.77 0.91 1.07
4H 31.908 -109.238 0.00 0.77 0.91 1.07
4]  31.908 -109.231 0.00 0.76 0.89 1.06
5A 31.901 -109.284 0.00 0.82 0.96 1.12
5B 31.901 -109.277 0.20 0.81 0.95 1.12
5C 31.901 -109.271 0.20 0.81 0.95 1.12
5D 31.901 -109.264 0.20 0.81 0.94 1.11
5E 31.901 -109.257 0.10 0.80 0.93 1.10
5F 31.901 -109.251 0.10 0.79 0.92 1.09
5G 31.901 -109.244 0.10 0.77 0.91 1.07
6A 31.895 -109.284 0.10 0.81 0.95 1.11
6B 31.895 -109.277 0.75 0.81 0.95 1.11
6C 31.895 -109.271 0.75 0.81 0.95 1.11
6D 31.895 -109.264 0.75 0.80 0.94 1.11
7A 31.888 -109.284 0.10 0.81 0.95 1.11
7B 31.888 -109.277 0.75 0.81 0.95 1.11
MEAN (w/o zero) 0.24 0.80 0.93 1.10
MBEDIAN(w/o zero) 0.20 0.80 0.94 1.11

Figure28. By Grid Time of Concentration (42-Minute) Raw Radar Storm Amounts (inches)and 1-Year
Return | nterval Amounts (inches). (TheseGridsMatch Those $iown on Figures 23 and 24.)
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Eguation 12 Method Indirect Method
Lower Mean  Higher  Lower Mean  Higher
640 850 1,065 330 470 610

f f

Figure29. East Turkey Creek Comparison of Results for Peak Flow: The Lower Equation 12 Value for
a 1-Year Storm is Greater Than the Higher Indired Method Value by 30 cfs. (This is to be expeded
since the stam had a return interval lessthan 1-Year.) However, since thenumbers are soclose thiscan
be considered a match.

Eguation 13 Method Indirect Method
Lower Mean  Higher  Lower Mean  Higher
420 560 700 330 470 610

t f

Figure 30. East Turkey Creek Comparison of Results for Peak Flow: The Mean Equation 13 Value for
the 1-Year Storm is Greater Than the Mean Indired Method Value and Less Than the Higher Indirea
Method Value. Also the Lower Equation 13 Valueis Greater Than the Lower | ndired Method Value.
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Ash Cangn
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Figure 31. Ash Basin August 23 Rainfall Total from 0057#0124Z: the A X an Grid 3D Marks the
Centroid of the Basin.

54



e ?‘_,P o

Burn Severity

@ High
() Moderate

Figure 32. Ash Basin Burn Severity Map.

Ash Basin Channel Charaderistics

CrossSedion# n  Area(squarefeet) Wetted Perimeter (feet) slope Q(cfs) Veocity (ft/sec)
1 0.055 129 53.5 0.0527 1440 11.1
2 0.045 83 47.5 0.0527 910 11.0
3 0.045 80 47.5 0.0527 860 10.7
avg 1070 11.0

Figure 33. Ash Canyon Channel Characteristics and Calculated Values.
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Figure 34. Ash Canyon Channe Upstream of CrossSedion 3: Manningén = 0.04-0.050.
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