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ABSTRACT
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We synthesized post-fire road treatment information to assist BAER specialists in
making road rehabilitation decisions. We developed a questionnaire; conducted
30 interviews of BAER team engineers and hydrologists; acquired and analyzed
gray literature and other relevant publications; and reviewed road rehabilitation
procedures and analysis tools. Post-fire road treatments are implemented if the
values at risk warrant the treatment and based on regional characteristics, including
the timing of first damaging storm and window of implementation. Post-fire peak
flow estimation is important when selecting road treatments. Interview results
indicate that USGS methods are used for larger watersheds (>5 mi%) and NRCS
Curve Number methods are used for smaller watersheds (<5 mi?). These methods
are not parameterized and validated for post-fire conditions. Many BAER team
members used their own rules to determine parameter values for USGS regression
and NRCS CN methods; therefore, there is no consistent way to estimate post-

fire peak flow. Many BAER road treatments for individual stream crossings were
prescribed based on road/culvert surveys, without considering capacities of existing
road structure and increased post-fire peak flow. For all regions, rolling dips/water
bars, culvert upgrading, and ditch cleaning/armoring are the most frequently used
road treatments. For Forest Service Regions 1 and 4, culvert upgrading is preferred,
especially for fish-bearing streams. For Forest Service Region 3, culvert removal
with temporary road closure and warning signs is preferred. Except for culverts,
insufficient data is available on other road treatments to estimate their capacity and
to evaluate their effectiveness.
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Introduction

Wildland fires can cause extreme changes in the landscape that can dras-
tically influence surface runoff and sediment transportation. Removal of the
forest duff layer causes increased runoff and subsequent increases in peak flow
and sediment transport. These increased flows can impact forest resources and
infrastructures. Roads are one of the most impacted forest infrastructures. They
are designed to divert water to desired locations and prevent washouts. Post-fire
flows often exceed design capacity, requiring that many structures be treated
following fires. For example, culverts sized for unburned forest conditions are
often unable to pass the new, higher flows and are replaced with larger ones.
Nationwide road structure replacement costs in the 1990s were about 20 percent
of the total post-fire rehabilitation expense (Robichaud and others 2000).

Problem Statement

Watersheds with satisfactory hydrologic conditions (greater than 75% of the
ground covered with vegetation and litter) and adequate rainfall sustain stream
baseflow conditions for much or all of the year and produce little sediment and
erosion. Fire consumes accumulated forest floor material and vegetation, alter-
ing infiltration by exposing soils to raindrop impact or creating water repellent
soil conditions, thus reducing soil moisture content. Runoff plot studies show
that, when severe fire produces hydrologic conditions that are poor (less than
10% of the ground surface covered with plants and litter), surface runoff can
increase more than 70% and erosion can increase by three orders of magnitude
(DeBano and others 1998; Robichaud 2005).

In the post-fire environment, road drainage features must accommodate flows
under these changed and variable conditions to prevent failure. Road structures
designed for the unburned forest condition are often unable to accommodate
increased runoff, sediment, and debris following fire. BAER teams estimate
post-fire increases in stream flows and make judgments on the ability of existing
road structures to accommodate these new flow regimes. If necessary, treat-
ments are prescribed to address user safety and road infrastructure investment,
as well as to prevent disruption of use or unacceptable degradation of critical
natural and cultural resources.

BAER team members use a variety of tools to estimate the post-fire increase
in runoff and sediment. These vary from local expertise to computer models.
This synthesis of commonly used post-fire assessment tools and road treatments
will aid BAER team members in responding to the tight time frames allotted for
rehabilitation decisions.

Study Objectives

The overall goal of this study was to develop a resource for BAER teams to
assist them in making post-fire road rehabilitation decisions. We synthesized the
most useful post-fire analysis tools for use in determining the required capacity
of road structures and guidelines and procedures for prescribing road treatments
after wildfire. Our specific objectives were to: (1) develop a questionnaire to
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acquire qualitative and quantitative information on post-fire road rehabilitation;
(2) conduct interviews of BAER team engineers and hydrologists to define spe-
cific needs of BAER specialists with respect to post-fire road rehabilitation;
(3) analyze gray literature and conduct additional literature review of relevant
publications based on needs identified from interview results; (4) review and
synthesize road rehabilitation procedures and analysis tools that would be most
useful to BAER teams (specific tools of interest include those that estimate
post-fire runoff and sediment flows and road structure capacities); (5) design an
easily navigable post-fire road guide to access during rehabilitation responses
(this included both on-line and hard copy resources); and (6) transfer infor-
mation through workshops and presentations to agencies involved in post-fire
road rehabilitation. This report summarizes our accomplishment of the study
objectives.
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Methods

This study includes U.S. Forest Service BAER projects in the Western con-
tinental United States (Regions 1 through 6). We began by requesting Burned
Area Report (FS-2500-8) forms and monitoring reports from the Regional head-
quarters and Forest Supervisors’ offices. We developed interview questionnaires
and interviewed BAER specialists regarding their experiences with post-fire re-
habilitation. We also analyzed gray and peer-reviewed literature acquired from
the interviews and literature search. We then reviewed and synthesized quantita-
tive and qualitative information on procedures for prescribing road treatments
after wildfire, estimating post-fire runoff and sediment, and determining road
treatments.

Burned Area Report Data

Interview Survey

The U.S. Forest Service Burned Area Report form contains the fire name
and watershed location and the size, suppression cost, vegetation, soils, geol-
ogy, length of stream channels, and roads and trails affected by the fire. The
watershed description includes areas in low, moderate, and high burn sever-
ity categories and the area of water repellent soil. Erosion hazard ratings and
estimates of erosion and sediment potential are included. Additionally, hydro-
logic design factors are included, such as estimated vegetation recovery, design
chance of success, design storm recurrence interval, storm duration, storm mag-
nitude, design flow, reduction in infiltration, and post-fire runoff flow. Values
at risk are described and the probability of success for hillslope, channel, and
road treatments are estimated. Cost estimates of no action (loss) versus cost of
selected alternatives are identified, as well as BAER funds requested and other
matching funds.

We developed interview forms (Appendix A) after modification of the survey
form from a previous study (Robichaud and others 2000). We used the forms
to record information during interviews with BAER team members. Questions
were designed to elicit opinions regarding the interviewees’ experiences with
the treatments used on their forests and other fires. The interview survey was
comprised of three parts: (1) hydrologic design factor questions of Burned Area
reports (e.g., how they estimated post-fire runoff and sediment); (2) road treat-
ment questions (e.g., frequent-used road treatments); and (3) aftermath road
treatment questions (e.g., success and failure of the prescribed treatments). Prior
to conducting interviews, we requested information such as Burned Area Report
forms and post-fire monitoring reports to familiarize the interviewer with the
various fires and treatments used. We conducted onsite interviews because
much of the supporting data were located in the interviewees’ offices and could
be retrieved during the interviews. We attempted to ask questions that would al-
low for ranking results because much of the information was qualitative.

USDA Forest Service RMRS-GTR-228. 2009. 3



Analysis Methods

We analyzed interview survey results using Microsoft Excel™. We gave
ranked information results a value from one to three with the first ranking receiv-
ing three points; the second two points; and the third one point. We evaluated
runoff, peak flow, and sediment yield estimation methods used by BAER teams
and described their benefits/drawbacks based on the comments of BAER inter-
viewees, scientific literature, and the judgment of the proposal’s PI and Co-PI as
suggested by the JFSP (Joint Fire Sciences Program). Examples of the different
estimation methods from BAER reports were provided and we grouped qualita-
tive answers and comments so as to draw meaningful inferences.
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Results and Discussion

Overview of Data Collected

We categorized collected data into the following: (1) Burned Area Reports
(FS 2500-8) acquired from Regional BAER coordinators, (2) published litera-
ture from a literature review/search, (3) interview results from BAER specialists,
and (4) gray literature and unpublished data from interviewed BAER specialists.
The published literature can be found in the references. A list of gray literature
and unpublished data can be found in Appendix B.

Interview Survey

We interviewed a total of 30 BAER specialists. We visited a total of 28
BAER specialist offices to conduct interviews face-to-face and acquire any gray
literature and monitoring reports while interviewing them. Two BAER special-
ists were interviewed by phone due to schedule conflicts. Interviewed BAER
specialists were mostly hydrologists (45%), engineers (22%), and soil scientists
(20%) (table 1). Thus, we had a representative sample of specialists involved
in post-fire runoff and sediment estimation methods and road treatment recom-
mendations. The experience of the interviewed BAER specialists ranged from
6 to over 30 years.

Table 1—Background of interviewed BAER specialists by Regions.

Region

Background Overall 1 2 3 4 5 6

________________ O mmm e m e
Hydrology 45 67 100 33 43 25 75
Engineering 22 17 29 38 25
Soll 20 33 17 14 25
Natural resource 7 17 14
Forestry 3 17
Road management 3 13
No. of BAER interviewee responses 30 6 1 6 7 8 2

Hydrologic design factor

The Burned Area Report contains a section titled “Hydrologic Design
Factors,” which lists the factors used to estimate the need for post-fire treat-
ments. The following section summarizes the interviewee’s methodology used
to complete this section. For each of the factors, we will discuss the most popu-
lar methods, comprising 80% of the responses. All responses are listed in each
table.

For estimated vegetation recovery period, most of interviewed BAER spe-
cialists used “professional judgment” (42%) or consulted with local botanists,
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ecologists, soil scientists, or hydrologists (39%) (table 2). It was unclear what
method the consulted specialists used. Research results (8%) and “2 to 3 years”
(8%) were the next popular responses.

For design chance of success, most BAER specialists (78%) used profes-
sional judgment (table 3). The interviewed BAER specialists without hydrology
or engineering backgrounds consulted with hydrologists (13%). It was unclear
what method the consulted hydrologists used.

For equivalent design recurrence interval, there was no clear preference
and the most frequent answer was “consult w/hydrologist” (36%). It was un-
clear what method the consulted hydrologist used. Fixed values of 10 years
(14%) and 25 years (14%) were the next most common replies (table 4).

For design storm duration, there was no clear preference and the most fre-
quent answer was “consult w/hydrologist” (44%). It was unclear what method
the consulted hydrologist used. One-hour duration (17%), various duration de-
pending on damaging storm (13%), and 30-minute duration (12%) were the
next most common replies (table 5). Damaging storm is further discussed in the
Damaging Storm section.

For design storm magnitude, a majority of the interviewees with a hy-
drology background used NOAA Atlas (46%), and those without a hydrology
background consulted with hydrologists (40%) (table 6). It was unclear what
method the consulted hydrologist used. A small number of BAER specialists
used other methods, such as Parameter-Elevation Regressions on Independent
Slopes Model (PRISM; Daly 2007) and CLIGEN (USDA ARS and Forest
Service 2008). Also, one interviewee specifically identified that, for watershed
less than 5 miZ, the damaging storm is a 5-minute duration, 6-inch/hour inten-
sity, convective storm in Regions 2 and 3. In Colorado, the damaging storm is a
2-year return period, 24-hour duration, 0.1-inch/hour intensity convective storm
in July or August.

Estimated reduction in infiltration was mostly estimated from soil burn se-
verity (USDA Forest Service 2007) maps (46%) or measured in the field (29%)
(table 7).

To estimate design flow (pre-fire peak flow), most of the interviewed BAER
specialists used the USGS Regression (50%), Curve Number (18%), or consult-
ed with a hydrologist (18%) (table 8). It was unclear what method the consulted
hydrologist used. To estimate adjusted design flow (post-fire peak flow), most
of interviewed BAER specialists used the USGS Regression (43%), Curve
Number (28%), Rule of Thumb by Kuyumjian (pers. comm., 2007 USDA
Forest Service; 7%) and TR55 (USDA NRCSb 2005; 7%) (table 8). Detailed
information about each method is discussed in the Post-fire Runoff and Erosion
Estimation section.

Road treatment

The BAER FS-2500-8 form contains a section that describes the BAER
team’s road treatment recommendations. The following section summarizes the
interviewees’ preferred road treatments.

Rolling dips/water bars/cross drain, culvert upgrading, ditch cleaning, armor-
ing, culvert removal, and trash racks constituted 80% of the most frequently
used road treatments. All responses are shown in table 9. The rolling dips/water
bars/cross drain treatment was used most frequently throughout the Regions.
Culvert upgrading was used mainly in Regions 1, 4, and 6 where fish habitat
protection is a high priority. Culvert removal was used often in Region 3 where
flash flooding is common. Trash racks were used in Regions 3 and 5, and culvert
riser was used only in Region 5.
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Table 2—Estimated vegetation recovery period used by

BAER specialists.

Table 5—Design storm duration used by BAER

specialists.

Estimated vegetation recovery period

%

Design storm duration

%

Professional judgment

Consult w/botanist, ecologist, soil
scientist, and hydrologist

Research results

2-3 years

3-5 years

No. of BAER interviewee responses

42

© W o o

Table 3—Design chance of success used by BAER

Consult w/hydrologist

1 hour

Depend on damaging storm

30 minutes

15 minutes

Less than 6 hours

Professional judgment

No. of BAER interviewee responses

44
17
13
12
6
4
4
23

specialists. Table 6—Design storm magnitude used by BAER
specialists.

Design chance of success %

Design storm magnitude %
Professional judgment 78
Consult w/hydrologist 13 NOAA Atlas 46
80% 4 Consult w/hydrologist 40
Risk table?® 4 PRISM?® 8
No. of BAER interviewee responses 23 Past experience 4
a : - CLIGEN® 2

Schmidt (1987) as shown in table 10. . .

No. of BAER interviewee responses 25

2 Daly (2007).

b USDA Agricultural Research Service and Forest Service
Table 4—Equivalent design recurrence interval used by (2008).

BAER specialists.

Equivalent design recurrence interval %
Table 7—Estimated reduction in infiltration used by
Consult w/hydrologist 36 BAER specialists.
10 years 14
25 years 14 Estimated reduction in infiltration %
5 years 9
100 years 9 Soil burned severity maps 46
Values at risk 9 Field measurement?® 29
Professional judgment 9 Consult w/soil scientist 10
No. of BAER interviewee responses 22 Previous studies 6
Back-calculation® 5
Professional judgment 3
40% for high/moderate burned area 2
No. of BAER interviewee responses 22

2 Infiltrometers were used.
b Back-calculate from design flow and adjusted design flow.

Table 8—Pre- and post-fire peak flow estimation methods used by BAER specialists.

Pre-fire peak flow estimation method % Post-fire peak flow estimation method %

USGS Regression 50 USGS Regression 43
Curve Number 18 Curve Number 28
Consult w/hydrologist 18 Rule of Thumb 7
TR55 7 TR55 7
No runoff/flow 4 Consult w/hydrologist 7
Professional judgment 4 WEPP 5

FERGI 2

WATBAL 2
No. of BAER interviewee responses 28 No. of BAER interviewee responses 30
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Table 9—Frequently recommended road treatments by BAER specialists by Region.

Region

Method Overall 1 2 3 4 5 6

________________ /S
Rolling dip/water bar/cross drain 29 29 27 30 19 42
Culvert upgrading 20 33 48 17
Ditch—cleaning, armoring 16 25 14 13 17
Culvert removal 10 6 36 25
Debris/trash rack 6 9 19
Armored ford crossing 5 33 5 4 6 8
Culvert riser 5 19
Storm patrol 3 50 9
Culvert overflow bypass 2 4 6
Hazard/warning sign 1 2 17
Flared inlet 1 6
Channel debris cleaning 1 6
Culvert inlet/outlet armoring 1 2
Additional relief culvert 1 2 3
Outsloping road 1 3
Fillslope armoring 1 8
No. of BAER interviewee responses 30 8 1 6 5 8 2

To calculate the treatment cost, BAER specialists consulted with engineers,
followed regional cost guides, and modified and used the cost of previous years.
Often, 3% yearly interest was applied to the cost from the previous year. Some
BAER specialists added a 20 to 25% emergency factor and a 35% overhead fee.
Indefinite Delivery Indefinite Quantity (IDIQ) contracts were favored by some
BAER specialists. IDIQs are contracts that provide for an indefinite quantity of
supplies or services during a fixed period of time (Office of Federal Procurement
Policy 2008).

Road treatment effectiveness monitoring

To evaluate the prescribed road treatments, monitoring reports and any fol-
low up records are needed; however, most interviewed BAER specialists did
not have these reports or records. A limited number of monitoring reports were
acquired during the interviews. Most monitoring reports contained pictures and
a description of the BAER treatments; however, they did not provide enough
information to evaluate whether road treatments achieved their desired post-fire
erosion mitigation.

Post-Fire Road Rehabilitation Procedures

Values at risk

When prescribing post-fire rehabilitation treatments, most BAER specialists
followed similar procedures. Many BAER interviewees highlighted important
aspects of these BAER procedures. The most notable comment was that pre-
scribing road treatments differed among Regions because climates differed. The
following is a list of post-fire road rehabilitation procedures identified by BAER
specialists as useful in determining road recommendations.

BAER treatments are prescribed, prioritized, and implemented, depending
on the values (e.g., life, safety, property) and/or resources (natural or cultural)
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that are at risk due to the burned condition of the forest. If there are no values
or resources at risk, no BAER treatment is needed. A recent publication (Calkin
and others 2007) provides a reliable and repeatable method to access values at
risk.

Damaging storm

A damaging storm is a precipitation event that will likely threaten human lives
or cause damage to property or road structures within the burned-over watershed
or downstream values. A damaging storm can be a convective storm, summer
thunderstorm, or rain-on-snow event, depending on the Region. A damaging
storm is a (1) rain-on-snow event during spring snowmelt for mid- to high-eleva-
tion areas; (2) convective storm from May to September for the majority of other
areas; and (3) winter frontal storm for portions of Regions 5 and 6.

Our interviews with the BAER team members indicated that while they had
a clear understanding of what constituted a damaging storm, the term “design
storm” was often used interchangeably with “damaging storm.” A design storm
is a storm event associated with a specified return period and is used as the basis
for the design of stormwater-management systems. Both terms appear to be
useful in BAER work, but we suggest a clear distinction be made between the
two terms.

Window of implementation

The window of implementation should be carefully considered during the
BAER assessment. The amount of time the BAER implementation team has be-
fore a damaging storm will most likely affect the burned watersheds. Therefore,
the assessment team should determine the number of treatments that can be
implemented, then prioritize the treatments based on values at risk. This is espe-
cially important for the southwestern United States, where fire season is usually
from May to July and convective storms follow shortly thereafter. Ideally, the
BAER treatments would be implemented within 3 to 4 weeks after the treat-
ments are approved by the Washington Office. Any administrative help to speed
up the BAER implementation is useful, such as:

* pre-ordering and stockpiling the necessary materials (such as warning
signs);

* contracting implementation equipment and associated personnel using
Indefinite Delivery/Indefinite Quantity (IDIQ) contracts; or

» developing close communication between assessment and implementation
teams.

Probability of success

The probability of treatment success is closely related to the values at risk. If
the values at risk are high, high probability of treatment success should be con-
sidered. The BAER treatment choice is determined by post-fire runoff, which
is generated by precipitation events after wildland fires. Therefore, predicted
precipitation events are crucial to the successful treatment selection. Future
precipitation events can be estimated by using previous weather data, such as
NOAA Atlas (NOAA 2008) or PRISM (Daly 2007). The probability of treat-
ment success should consider the design storm (i.e., future precipitation events),
design life of the treatments, and the recovery period following the fire. To cal-
culate the chance of success of the treatment, Table 10 can be used.
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Table 10—Calculated risk table (recurrence interval in years) (Schmidt 1987).

Risk — Percent chance
Success 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5
Failure 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95
1 20 10 7 5 4 4 3 3 3 2 2 2 2 2 2 2 2 2 2
2 40 20 13 10 8 6 5 5 4 4 4 3 3 2 2 2 2 2 2
3 59 29 19 14 11 9 8 7 6 5 4 4 3 3 3 2 2 2 2
4 78 39 25 19 15 12 10 8 7 7 6 5 4 4 4 3 3 2 2
5 98 48 32 23 18 15 13 10 9 8 7 6 6 5 4 4 3 3 2
6 |117 58 38 28 22 17 15 12 M 10 8 7 7 6 5 4 4 3 2
7 |136 67 44 32 25 20 17 14 12 11 9 8 7 6 6 5 5 4 3
8 |156 77 50 37 28 23 20 16 14 12 1 9 8 7 7 5 5 4 3
9 |175 86 56 41 32 26 22 18 16 13 12 10 9 8 7 6 5 4 4
10 |195 96 63 46 35 29 24 20 17 15 13 11 10 9 8 7 6 5 4
11 1214 104 69 50 39 31 27 22 19 16 14 13 11 10 9 7 6 5 4
. 12 1234 114 75 55 42 34 29 24 21 18 16 14 12 10 9 8 7 6 5
g 13 1254 124 81 59 46 37 31 26 22 19 17 15 13 11 10 9 7 6 5
o 14 1273 133 86 64 49 40 34 28 24 21 18 16 14 12 11 9 8 7 5
~:’ 15 1293 143 93 68 53 43 36 30 26 22 19 17 15 13 12 10 8 7 6
= 16 |312 152 99 73 56 45 38 32 27 24 20 18 16 14 12 10 9 8 6
g) 17 1332 162 105 77 60 48 40 34 29 25 22 19 17 15 13 11 9 8 6
0 18 1351 171 111 82 63 51 43 36 31 26 23 20 18 15 14 12 10 8 7
8 19 | 371 181 117 86 67 54 45 38 32 28 24 21 19 16 14 12 11 9 7
20 |390 190 123 91 70 57 47 40 34 29 26 22 20 17 15 13 11 9 8
25 1488 238 154 113 88 71 59 50 42 36 32 28 25 22 19 16 14 1 9
30 | 585 285 185 135 105 85 71 60 51 44 38 33 29 25 22 19 16 14 11
35 |683 333 216 157 122 99 82 70 59 51 45 39 34 30 26 23 19 16 12
40 | 780 380 247 180 140 113 94 79 68 58 51 44 39 34 29 25 22 18 14
45 | 878 428 277 202 157 127 105 89 76 66 57 50 43 38 33 28 24 20 15
50 | 975 475 308 225 174 141 117 99 85 73 63 55 48 43 37 32 27 22 17
60 |1170 570 370 269 209 169 140 118 101 87 76 66 58 50 44 38 32 27 20
70 |1365 665 431 314 244 197 163 138 118 101 89 77 67 59 51 44 37 31 24
80 |1560 760 493 359 279 225 186 157 134 116 101 88 77 67 58 51 43 35 27
90 |1755 855 554 404 313 253 209 177 151 130 113 99 86 75 66 57 48 40 31
100 |[1950 950 616 449 348 281 233 196 168 145 126 110 96 84 73 63 53 44 34
Example 1: If a culvert through a road is to last for 20 years with a 25% chance of failure (or 75% chance of success), the culvert should
be designed for the 70-year flood recurrence event. Failure in this context means that the recurrence interval flood is
equaled or exceeded at least once during the specific design life. The culvert may or may not physically fail or be washed
out.
Example 2: The same culvert above is used for post-fire condition in which 7-year post-fire flood is equal to 70-year pre-fire flood. Post-
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fire condition will last for only 3 years; therefore, the design life will be 3 years. Then percent chance of success decreased
from 75% to 60% if the existing culvert is used for post-fire condition.

Post-fire runoff increase

Post-fire runoff increase is estimated based on the design storm. Each BAER

team used their preferred method. The interview survey showed that a major-

ity of BAER specialists use the following methods, ranked from high to low
(table 8): (1) USGS Regression, (2) Curve Number, (3) Rule of Thumb by

Kuyumjian, (4) Water Erosion Prediction Project (WEPP) Model, and (5) Fire-

Enhanced Runoff and Gully Initiation (FERGI) Model. Detailed information on
each method is found in the Post-fire Runoff and Sediment Estimation section.

Capacity of existing road structures

If existing road structures can handle the increased post-fire peak flow, no
further treatment is needed. However, in some cases, the existing road structures
can not handle the increased flow, and they should be removed or upgraded if
the values at risk warrant the expected expense. Also, many BAER special-
ists recommended considering a bulking factor to account for the debris and
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sediment delivered with increased runoff from the burned upland area. Typical
bulking factors range from 0.1 to 0.25. Limited information exists on road struc-
ture capacities, and estimates must be made using on-site measurements and
calculations. Road structures, such as culverts and rolling dips/water bars, are
further discussed in the BAER Road Treatments, Culvert Sizing, and Rolling
Dip/Water Bar sections.

Choosing a road treatment

Post-fire road treatments should be implemented after considering the factors
discussed previously. The interview survey showed that BAER specialists use
the following treatments, ranked from high to low (table 9): (1) rolling dips/
water bars/cross drain, (2) culvert upgrading, (3) ditch cleaning and armoring,
and (4) culvert removal.

Post-Fire Runoff and Erosion Estimation

To prescribe road treatments, it is essential to determine whether the existing
drainage structure can handle the post-fire runoff increase. Extensive literature
indicates that streamflow increases after fires through a combination of the hy-
drologic processes summarized in table 11.

There is a general consensus that post-fire streamflow can increase, often
with orders of magnitude larger than pre-fire events, especially for watersheds
of high and moderate burn severity. Burned watersheds can yield runoff that
quickly produces flash floods. The largest post-fire peak flow often occurs in
smaller watersheds. Bigio and Cannon (2001) reported that specific discharges
were the greatest from relatively smaller watersheds (<0.4 miz) with an average

Table 11—Changes in hydrologic processes caused by wildfires (Neary and others 2005).

Hydrologic process Type of change Specific effect

Interception Reduced Moisture storage smaller
Greater runoff in small storms
Increased water yield

Litter and duff storage of water Reduced Less water stored
Overland flow increased
Transpiration Temporary elimination Streamflow increased
Soil moisture increased
Infiltration Reduced Overland flow increased
Stormflow increased
Stream flow Changed Increased in most ecosystems

Decreased in snow systems

Decreased on fog-drip systems
Baseflow Changed Decreased (less infiltration)

Increased (less evaporation)

Summer low flows (+ and -)
Stormflow Increased Volume greater

Peakflows larger

Time to peakflow shorter

Flashflood frequency greater

Flood levels higher

Stream erosive power increased
Snow accumulation Changed Fires <10 ac, increased snowpack

Fires >10 ac, decreased snowpack

Snowmelt rates increased

Evaporation and sublimation greater
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discharge of 17,700 cfsm (cfs mi~2) or 28 cfs acre”!, while discharges from the
next larger sized watersheds (0.4 mi? to 4 mi%) averaged 2,100 cfsm. Increased
post-fire flow may transport debris that was produced by the fire. Often, the
post-fire peak flow is a combination of water flow and debris, called bulking.
Road treatments should be prescribed and implemented if existing drainage
structures can not handle the post-fire runoff increase.

BAER specialists have been using several methods to estimate post-fire run-
off: USGS Regression, Curve Number, Rule of Thumb by Kuyumjian, ERMiT,
FERGI, and WATBAL. The following is a discussion of each of these methods.

USGS Regression method

The USGS Regression method is the most commonly used post-fire runoff
estimation method by BAER team members (43%; table 8).

The Department of Interior U.S. Geological Survey (USGS) has developed
a method to estimate magnitude and frequency of floods of both gaged and un-
gaged streams. The flood-frequency relations at gaged and ungaged sites were
developed for various hydrologic regions based on their stream gage records,
basin characteristics, and numerous studies throughout the United States. These
flood-frequency relations are often called and expressed as a form of “USGS
regression equations,” since a regression analysis was used to develop the flood
frequency relations.

Input Requirements
To use the USGS Regression method, the following information is required:

* USGS Regression equations for the areas of interests (burned sites);
» gauged data from the watersheds of interests (if any);

* Dbasin characteristics, such as the drainage area, elevation, precipitation, free
water-surface evaporation, latitude, longitude, forest and herbaceous cover,
high elevation area, channel slope, soil storage capacity and permeability,
and minimum and maximum January temperatures (the actual required
basin characteristics vary depending on the hydrologic regions. Fortunately,
not all of these characteristics are required for a single region.);

* design storm intensity, duration, and recurrence interval;
* size of high soil burn severity areas; and

» water repellency and surface runoff increase of high/moderate soil burn
severity area, which should be determined by users.

Program Availability

USGS Regression equation methods have been incorporated into StreamStats
(USGS 2007), which is a web-based tool used to obtain streamflow information.
StreamStats are available for many states and are being implemented for the
others (fig. 1). Users can access StreamStat online (http://water.usgs.gov/osw/
streamstats/index.html) and estimate peak flow at a given location.

How to Use

The following steps are used to apply the USGS Regression method for esti-
mation of post-fire peak flow:

1. Find the USGS Regression equations for the area of interest

2. Collect the basin characteristics of burned areas

USDA Forest Service RMRS-GTR-228. 2009.



|:| Fully implemented

- Delineation and basin characteristics implemented
- Implemented and testing internally

- Undergoing implemented

Figure 1—Auvailability of
StreamStats for the U.S. (USGS
2007).

' PR-VI
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3. Collect information about the burned area, such as percentage of high and
moderate soil burn severity areas

4. Determine design/damaging storm, including storm intensity, duration, and
recurrence interval

5. Estimate pre-fire runoff assuming no fires and unburned area for the area of
interest

6. Determine the percent runoff increase for high and moderate soil burn se-
verity area compared to pre-fire runoff (a difficult step, as described below)

7. Determine modifier that is defined as a ratio of post-fire to pre-fire runoff
and calculated as follows:

e Percent runoff increase _ (A, + Ay)
d =1+ H Eq. 1
modifier 100% XA (Bq- 1)

Ay, = high burn severity area within the watershed (acre or miz);
4,, = moderate burn severity area within the watershed (acre or miz), and;
A, = total watershed area (acre or miz).

8. Estimate post-fire runoff by multiplying the modifier and pre-fire runoff
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Discussion

Since there are very limited studies and guidelines to determine the modifier
or the percent runoff increase for high and moderate burn severity, BAER team
members often rely on simple rules of their own. For example, some Region 1
BAER specialists used 100% runoff increase (double the runoff amount) for
high/moderate soil burn severity areas in the first year of the fire, such as the
2006 Derby Fire (Story and others 2006). Also, they assumed 1/3 and 1/6 soil
water repellency with a 10-fold surface runoff increase for high soil burn se-
verity areas for the same year and for 1 year after the 2000 Skalkaho/Valley
Complex Fires in Montana (2007 USDA Forest Service).

Some BAER team members in Region 1 skipped steps 6 through 8 and used
a USGS Water-Resources Investigations Report (Parrett and others 2004) to es-
timate post-fire peak flow for their burned areas. This report provided post-fire
runoff responses 1 year after a fire in three burned areas in Montana (Canyon
Ferry, Ashland, and Bitterroot fires). Once the BAER team members chose a
design storm and a station with a drainage area similar in size to their burned
area, they could determine the matching post-fire peak flow for their burned
areas. However, the report by Parrett and others (2004) did not provide informa-
tion about the size of burned areas and burn intensities within watersheds. Care
should be taken when using a USGS report to estimate post-fire peak flow for
burned areas when more detailed burned area conditions are unavailable.

Advantages

The following were advantages to applying the USGS regression method for

post-fire runoff and erosion estimation. The USGS Regression method:

* is applicable for estimating both pre- and post-fire peak flow;

 estimates peak flow, regardless of the storm duration and intensity;

* is appropriate for larger watersheds, which are greater than 5 miZ;

* does not usually require detailed watershed information, such as soil and
topography;

* is more accurate if gaged data is used from the watershed of interest;

* is applicable to longer duration events, and snowmelt runoff events.

Disadvantages

The following were disadvantages to applying the USGS regression method
for post-fire runoff and erosion estimation.
It does not estimate erosion.
It does not consider post-fire debris flow/torrent.

* The user must find the appropriate USGS Regression equations for the
watershed in the pre-fire condition.

* The user must find the appropriate USGS Regression equations for the
watershed in the post-fire condition (if any).

» The user must determine the modifier, or the soil water repellency and post-
fire runoff increase, for high and moderate burn severity areas.

It uses only English units.

Example
The Bitterroot National Forest had Skalkaho/Valley Complex Fires in
2000, and had a 10-yr, 24-hour storm event on 1 September 2001. It was
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Table 12—Comparison of observed and estimated peak flows using USGS regression method from 10-
year, 24-hour storm event 1 year after the 2000 Skalkaho/Valley Complex Fires in the Bitterroot National
Forest, Montana (2002 USDA Forest Service).

Estimated Q,,

2001

Watershed % high observed 2000 2001
(Creek) Area burn Q,, Unburned®  burned®  burned®

(acres) 0000 meeeeeeeeeeeaaa (G e
Medicine Tree 4918 30 307 102 173 122
Doran 4064 70 574 86 226 126
Lyman 3975 15 485 84 113 92
Laird 6222 60 613 125 300 175
Reimel (entire) 6154 30 210 150 255 180
Maynard 3395 60 377 89 214 125
Reimel 5050 30 187 126 214 151
Camp 5299 10 103 132 163 141
Cameron 21,844 20 282 381 559 432
Warm Spring 6712 20 312 134 197 152

@ from Omang (1992)

b Assumed that high soil burn severity areas are 1/3 water repellency with a 10-fold increase in surface runoff
¢ Assumed that high soil burn severity areas are 1/6 water repellency with a 10-fold increase in surface runoff
d Estimated Medicine Tree Creek Q,, in 2001

= (% high burn)x(unburned Q,)*(1/6 water repellency)x(10-fold runoff increase)

+(100% — % high burn)x(unburned Q,)

= (30%)%(102 cfs)x(1/6)x(10) + (100% — 70%)x*(102 cfs)

=122 cfs

assumed that 1/3 of the high soil burn severity areas had soil water repel-
lency and a 10-fold increase in surface runoff. USGS Regression method
(Omang 1992) was used to calculate peak flows in the unburned condition.
Observed and estimated peak flows are provided in table 12.

Plotting percent of high soil burn severity area and observed post-fire peak
flow showed that they are somewhat related (r2=0.47) (fig. 2). Figure 3
shows that observed post-fire peak flow does not match estimated post-fire
peak flow, assuming 1/6 soil water repellency with a 10-fold increase in
surface runoff for high soil burn severity areas. Better soil water repel-
lency effects should be developed and moderate soil burn severity areas
should be considered for inclusion in the estimation.

Detailed information about how to use the USGS Regression methods can be
found in Appendix C.

Curve Number methods

The NRCS Curve Number methods are the second most commonly used

post-fire runoff estimation method by BAER team members (30%; table 8).

The Curve Number method was developed by the U.S. Department of

Agriculture Natural Resources Conservation Service (NRCS), formerly the Soil

Conservation Service (SCS), to estimate runoff depth. It considers rainfall, soils,

cover type, treatment/conservation practices, hydrologic conditions, and topog-
raphy (slope steepness). Users have to choose a Curve Number (CN) based
on cover type, treatment, hydrologic conditions, and Hydrologic Soil Group to

estimate runoff and peak flow; therefore, the Curve Number is the single most

important parameter in this method.
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Figure 2—High burn severity area and

observed post-fire peak flow (10-year,
24-hour) from the 2000 Skalkaho/Valley
Complex Fires in the Bitterroot National
Forest, Montana (2002 USDA Forest
Service).

Figure 3—Observed and estimated post-fire

16

peak flow (10-year, 24-hour) from the
2000 Skalkaho/Valley Complex Fires in
the Bitterroot National Forest, Montana
(2002 USDA Forest Service). Estimated
post-fire peak flow does not match
observed flow.

Input Requirements
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To use NRCS Curve Number methods, the following information is required

(USDA SCS 1991):

2

* drainage area in ftz, mi~, or acres;

* rainfall amount for a storm duration of 24 hours, with a given recurrence

interval;

» Hydrologic Soil Groups (table 13) in which the watershed soil is classified;

» average watershed slope in percent;

» flow length the longest flow path, from the watershed divide to the outlet, in
feet; and

* pre-fire and post-fire runoff Curve Numbers.
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Table 13—Description of NRCS Hydrologic Soil Group (USDA SCS 1991).

Group Description Minimum infiltration rate
(inch h™)
A Low runoff potential and high infiltration rates, Greater than 0.30
and consists chiefly of sands and gravels.
B Moderate infiltration rates, and have 0.15t00.30
moderately fine to moderately coarse texture.
C Low infiltration rates, and consists chiefly of 0.05t00.15

soils having a layer that impedes downward
movement of water and soils of moderately
fine to fine texture.

D High runoff potential and very low infiltration Less than 0.05
rates, and consists mainly of clay soils, soils
with a permanent high water table, or shallow
soils over nearly impervious material.

Program Availability

There are two Curve Number methods that BAER teams frequently use—
WILDCAT4, (Hawkins and Greenberg 1990) an MS DOS program, and FIRE
HYDRO (Cerrelli 2005), an EXCEL spreadsheet. The WILDCAT4 is a storm
runoff/hydrograph model that uses triangular unit hydrographs. The WILDCAT4
model requires the following information:

* name of the watershed;

+ average land slope (%) and the length of the longest channel (ft) or time of
concentration (hr);

* area (acre) of Hydrologic Response Unit (HRU), which is an area having a
consistent hydrologic response;

* CN of HRU;

» storm duration (hrs);

+ storm rainfall depth (inches); and

 storm distribution type, either SCS Type II (fig. 4), Farmer-Fletcher (for

central and north-central Utah; Farmer and Fletcher 1972), uniform,
custom, or generic.

If a ‘Generic’ distribution is chosen, the following information is needed:

* the minimum and maximum storm intensities (as a percent of the mean
storm intensity) and

+ the timing of the peak flow intensity (as a percent of the storm duration).

The WILDCAT4 should be applied to watersheds of 5 mi’ or less. The
WILDCAT4 main menu, watershed data, storm data, and summary output
screens are shown in figures 5 through 8.

WILDCAT4 is easy to use. However, the user has to specify the CN of pre-
and post-fire conditions and the program runs in DOS. WILDCATS5, a Windows
version of the WILDCAT program, is in development and will be released in the
near future (Hawkins, pers. comm. 2008 Univ. of AZ).
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Figure 5—WILDCAT4 main
menu screen.

Figure 6—WILDCAT4 watershed
data screen.
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Figure 7—WILDCAT4 storm data
screen.

Figure 8—WILDCAT 4 summary
output screen.
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Cerrelli (2005) developed a spreadsheet, called FIRE HYDRO, to assist
NRCS and Forest Service personnel in estimating design peak flows for the
burned areas of Montana. The FIRE HYDRO is a peak flow analysis tool for
the 2-, 5-, 10-, 25-, 50-, and 100-year, 24-hour rainfall runoff events for the
pre- and post-fire conditions. The required input data includes the following:
drainage area (acre); average watershed slope (%); CN; and 2- to 100-year, 6-
and 24-hour rainfall depths that are available from the NOAA web site (2008).
The 6- and 24-hour rainfall depths are required to determine the SCS rainfall
distribution type (Type I, IA, II, or III) (fig. 4). Most of Region 1, including
Montana, has Type II, which produce the highest peak flow among the SCS
rainfall distribution types. The FIRE HYDRO spreadsheets are shown in fig-
ures 9 through 11. Cerrelli (2005) assumed that the runoff Curve Numbers of
bare soil cover type or poor hydrologic condition were used for post-fire con-
ditions. However, there is no clear guideline to choose post-fire runoff Curve
Numbers. The FIRE HYDRO is applicable for 24-hour rainfall events only, and
is not applicable for short duration rainfall events such as a 1-hour storm or less.
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Figure 9—Explanatory

section of FIRE HYDRO
(Cerrelli 2005), an EXCEL
spreadsheet to assist to
estimate peak flows for the
burned areas of Montana.

Figure 10—Runoff Curve

20

Number (CN) section of
FIRE HYDRO (Cerrelli
2005), an EXCEL
spreadsheet to assist to
estimate peak flows for the
burned areas of Montana.
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Discussion

There are limited numbers of studies that provide post-fire runoff Curve
Numbers. Springer and Hawkins (2005) attempted to provide a guideline to
choosing post-fire runoff Curve Numbers based on the 2000 Cerro Grande Fire
in New Mexico, and concluded that “the post-fire trends in CN and peak flows
are not readily explained and will be a topic of future research.”

Livingston and others (2005) provided a guideline to choose the post-fire
runoff numbers with a range of values as seen in table 14. They used computed
CNs and compared pre-and post-fire CNs for 31 small (0.12 to 2.5 rniz) sub-
basins in the Los Alamos area, New Mexico, and 24 small (0.11 to 2.3 miz)
subbasins affected by the 2002 Long Mesa Fire at Mesa Verde National Park,
Colorado. To classify the soil burn severity of the whole watershed/basin, they
used Wildfire Hydrologic Impact (WHI), based on the percentage of high and
moderate soil burn severity (table 15 and fig. 12) and a general relation between
pre- and post-fire CN ratio (fig. 13). Post-fire runoff CN can be estimated using

Table 14—Post-fire curve numbers (CNs) for various burn severities
(Livingston and others 2005).

Soil burn severity Estimated CN

Unburned 55t0 75
Low 80 to 83
Moderate, without water repellent soils 87
Moderate, with water repellent soils 89
High, without water repellent soils 92
High, with water repellent soils 95
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Table 15—Variations in Wildfire Hydrologic Impact (WHI) classification due to high
soil burn severity (Livingston and others 2005).

Percentage of subbasins with Wildfire Hydrologic Impact
a high soil burn severity classification
0-6 Low
7-48 Moderate
49-80 Severe
100
80

& 60 [ Figure 12—Wildfire Hydrologic Impact
g - "ﬁg: (WHI) for small burned subbasins as a
z g % function of soil burn severity (Livingston
q 1 NS % and others 2005).
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Table 16—Post-fire Curve Numbers (CNs) for various burn severities based on the Bitterroot National Forest, Montana

(Cerrelli 2005).

Soil burn severity Sub-category Estimated CN
High? HSGP A 64
HSG B 78
HSG C 85
HSG D 88
Moderate Use cover type® in Fair condition
Low and Unburned North and East facing slopes Use cover type in Good condition
South and West facing slopes Use cover type between Fair and Good conditions
Any Water repellent soils 944

@ High burn severity areas were assumed to have attained at least 30% ground cover consisting of vegetation, duff, thick ash, or woody
debris by June of the following year after the fire, and the CN values were from three Montana NRCS engineers with hydrologic

evaluation experience.
b Hydrologic Soil Group in table 13.
¢ From table D.2 and D.3 in Appendix D.
d Rule of thumb by Montana NRCS.

figure 13 if pre-fire CN is known. Pre-fire CN should be determined by users
using various sources such as table D.2 and D.3 in Appendix D. Their study re-
sults are applicable to the Los Alamos area and other areas in the southwest with
similar pre-fire CN values and hydrology; however, they are less applicable to
areas with different pre-fire rainfall and runoff characteristics.

An experienced BAER team member in Region 1 suggested using a CN of
90 to 95 for high soil burn severity without water repellent soils and 93 to 98 for
high soil burn severity with water repellent soils (2003 USDA Forest Service).
The Livingston CN values are within the range suggested by Story.

Cerrelli (2005) provided a guideline to select post-fire CN based on burn
severity and hydrologic soil grouping specific to the Bitterroot National Forest
wildfires (table 16). He did not find appropriate CNs in his initial search of the lit-
erature for CN values for burned areas in southwestern Montana. Consequently,
Montana NRCS engineers created a guideline based on the existing NRCS CN/
land use table (e.g., table D.2 and D.3). However, no gaging or calibrating took
place to verify or improve this guideline. The 2-year to 5-year, 24-hour storm
events occurred in the following spring and summer. Runoff from these storm
events did not cause failure of the BAER treatments assessed and implemented
using this CN guideline (Cerrelli 2005).

Since there are very limited studies and guidelines for choosing CNs for
post-fire conditions, BAER team members often use simple rules of their own.
Details on these rules are found in the NRCS CN Methods section. For example,
in the Salt Creek BAER Hydrology Special Report (Higginson and Jarnecke
2007), they used the following rules to determine post-fire CNs.

* High burn severity CN = pre-fire CN + 15
* Moderate  burn severity CN = pre-fire CN + 10
* Low burn severity CN = pre-fire CN + 5

¢« Maximum CN value is 100

Once the user has determined CNs for each HRU within a watershed, the
problem arises of how to combine them. CNs and runoff depth are not linearly
related (Grove and others 1998). A weighted average of all CNs in a watershed
is commonly used to reduce the number of calculations, which is an assump-
tion that CNs and runoff are linearly related. The underestimation of runoff
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using weighted average CNs is most severe for wide CN ranges, as would oc-
cur in watersheds containing low and high severity burns. Low CN values and
low precipitation depths, as would occur in unburned southwestern watersheds,
would result in underestimation of runoff. Therefore, care should be exercised
when applying weighted average CNs.

Another approach is to use distributed CNs in a GIS application. However,
White (1988) and Stuebe and Johnson (1990) reported that using distributed
CNs resulted in as much as 100 percent higher runoff than using weighted aver-
age CNs.

The preferred method to estimate runoff from watersheds with different CNs
is to combine runoff amounts from each HRU.

Advantages

The following were advantages to applying the NRCS CN methods for post-
fire runoff and erosion estimation.

* NRCS CN methods are applicable for input to methods that calculate peak
flow.

* Two CN methods and models (WILDCAT4 and FIRE HYDRO) are
available for post-fire application.

* WILDCAT4 considers shorter-duration storms (e.g., 15-minute) to 24-hour
storm duration, which is adequate for the regions where the damaging storm
is short duration, such as 15 or 30 minutes.

Disadvantages

The following were disadvantages to applying the NRCS CN methods for
post-fire runoff and erosion estimation.
* NRCS CN methods do not estimate erosion.
* NRCS CN methods do not consider post-fire debris flow/torrent.

* NRCS CN methods are applicable to smaller watersheds, which are less
than 5 mi?.

* The FIRE HYDRO method only considers 24-hour storm duration.

» The user must determine pre-fire and post-fire CN that is a sensitive
parameter; therefore, the estimated peak flow is subjective to users.

* There are no guidelines to determine post-fire CN except in Regions 1 and 3.

* There is difficulty in combining runoff from areas of different CNs within a
watershed. Instead, users interchangeably use a weighted average of all CNs
in a watershed.

* The NRCS CN methods will likely underestimate runoff when applying
weighted average of CNs for high burn severity area in arid weather
conditions.

* The NRCS CN methods use English units only.

Example

The Blackerby Fire on the Nez Perce National Forest near Grangeville, Idaho,
occurred in August 2005. On 19 May 2006 a 0.79-inch precipitation event with
a 30-minute duration occurred over a portion of the burned area. The precipita-
tion event was equivalent to a 25-year, 30-minute storm event as determined
from the NOAA Atlas 2 (Miller and others 1973b).
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The NRCS CN flood flow model results used in the BAER analysis (using
FIRE HYDRO) were for a 25-year return event and based on the assumption of
limited soil and vegetation regeneration during the first year after the fire. The
observed flood discharge value was 71 cfs, or 56 cfsm (cfs mifz). This observed
flood discharge was half that of predicted flow. Additionally, the observed debris
flow discharge was 620 cfs, or 492 cfsm, indicating that debris flow discharge
was nearly an order of magnitude greater than the flood discharge. Details of the
results can be found in the NRCS CN Methods section.

Detailed information on how to use the NRCS Curve Number methods can
be found in Appendix D.

Rule of Thumb by Kuyumjian

The Rule of Thumb by Kuyumyjian has been used by Region 3 BAER team
members, or about 7% of BAER interviewees (table 8).

Experienced BAER team members often use their own rule of thumb, which
they developed based on their experience and post-fire monitoring/observa-
tion and works well within certain regions. An experienced BAER hydrologist
(Kuyumyjian, pers. comm. 2007 USDA Forest Service) suggested using the fol-
lowing rule of thumb, which requires a minimal amount of input information.

Input Requirements

To use the Rule of Thumb by Kuyumjian, the following information is
required:

* area of high and moderate soil burn severity and
* anticipated precipitation amount from a damaging storm.
How to Use

There are two steps to apply the Rule of Thumb by Kuyumyjian for estimating
post-fire peak flow:

1. Determine the design/damaging storm, including storm intensity, duration,
and recurrence interval.

2. Estimate the post-fire peak flow (Qp) using the following relationship:

Qp =300x4 x/*1.25 (Eq. 2)
where
Qp = peak flow in cfs;
I = precipitation intensity in inch/hour;
A, = size of high and moderate burn severity area in mi?; and
1.25 = bulking factor.
Discussion

The Rule of Thumb by Kuyumjian is similar to the rainfall-discharge rela-
tion that was determined for 31 data pairs in 2001 and 17 data pairs in 2002
from seven sub-watersheds in the Rendija Canyon watershed after the 2000
Cerro Grande Fire (Moody and others 2007). About 82% of the Rendija Canyon
watershed was severely burned. Their analysis was based on the change in the
normalized burn ratio (ANBR; Key and Benson 2006), which incorporates re-
flectance measurements from Landsat imagery and was designed to measure the
fire effects on vegetation and soil characteristics. Watersheds with 581 + 5% can
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be categorized as high or moderate-high burn severity (Cocke and others 2005;
Key and Benson 2006). The rainfall-discharge relation was:

Q" = b+ (fyy — Iy (Eq. 3)
where
peak . . 1
Q, = peak flow per unit area (inch h™);
b = unit-less constant;
L, =30 minutes rainfall intensity (inch h_l); and
[e’fé’mh = the largest value of /;, below which no surface

flow occurs (inch h‘l).

Moody and others (2007) reported b and Iégm}l values as shown in table 17.

The rainfall-discharge relation can be used to compare the Rule of Thumb by

Kuyumyjian. Using combined b and [égmh values from table 17, assuming Iy,
»8.5mmh! (0.33 inch h'l) and the entire drainage area was high severity burn
area, equation 3 can be reduced to:

k=303 x4 x Iy, (Eq. 4)

This is very close to the rule of thumb by Kuyumjian without the bulking
factor of 1.25.

Table 17—b and Ighg“h values in the rainfall-discharge relation from the Rendija

Canyon watershed after the 2000 Cerro Grande Fire, New Mexico (Moody and
others 2007).

Year b I;homh r? p
(mmh~)
2001 0.50 7.6 0.73 <0.001
2002 0.43 11.1 0.52 0.001
2001 and 20022 0.47 8.5 0.63 <0.001

@ The values of b and I;h(;mh in 2001 and 2002 are not significantly different. Therefore, they

were combined.

Advantages

The following were advantages to applying the Rule of Thumb by Kuyumjian
for post-fire runoff and erosion estimation. The Rule of Thumb by Kuyumyjian:

* is applicable for estimating post-fire peak flow;
* is a simple and quick approximation;
» does not need to determine parameter values; and

* considers bulking factor for post-fire debris flow/torrent.
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Disadvantages

The following were disadvantages to applying the rule of thumb by Kuyumjian
for post-fire runoff and erosion estimation. The Rule of Thumb by Kuyumjian:

¢ does not estimate erosion;

* is only applicable for short-duration (1 hour or less) high intensity (greater
than 0.5 inches) storms;

* is not applicable for estimating peak flow from snowmelt or rain-on-snow
or frozen ground;

 currently evaluated only for Region 3; and

* uses English units only.

Example

Approximately 4.8 mi® of the Rendija Canyon watershed was burned by the
2000 Cerro Grande Fire: 82% at high severity, 10% at moderate severity, 6% at
low severity, and 2% was unburned (Gallaher and Koch 2004). Seven subwa-
tersheds were monitored for rainfall intensity and discharge in 2001 and 2002
(Moody and others 2007). Four subwatersheds had 581 + 5% of ANBR value
that was considered high or moderate-high burn severity (Cocke and others
2005; Key and Benson 20006).

Assuming the entire drainage area was high severity burn area, peak flow per
unit drainage area (cfs mifz) can be calculated based on rainfall intensity that is
greater than 0.5 inches. The Rule of Thumb by Kuyumjian estimated less than
half (47%) of the peak flows were within = 50% of observed values (table 18),
which can be from uncertainty associated with discharge and rainfall intensity
measurements or natural variation that the rule of thumb cannot consider.

Table 18—Comparison of observed and estimated peak flow using the Rule of Thumb by
Kuyumijian from various rainfall intensities (>0.5 inch h‘1) for 2001 in four high severity burn
subwatersheds of Rendija Canyon after the 2000 Cerro Grande Fire, New Mexico (Moody and

others 2007).
Peak flow per unit drainage area
Rainfall Estimated by
Watershed Date intensity I, Observed Rule of Thumb?

(nchh™" .. (cfs Mi—2)-----

3 2 Jul 2.07 686 622

3 13 Jul 0.88 151 263

3 9 Aug 1.50 405 449

9 2 Jul 0.90 41 269

9 26 Jul 1.45 777 435

9 9 Aug 0.59 28 177

9 11 Aug 0.90 154 270

11 2 Jul 1.69 461 508
11 26 Jul 1.30 333 389
11 11 Aug 1.28 333 384
13 2 Jul 0.65 65 195
13 2 Jul 1.13 182 339
13 2 Jul 1.10 43 331
13 11 Jul 0.73 39 219
13 11 Aug 1.28 264 384

@ Bulking factor is not considered only to compare observed peak flow.
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TR-55

Seven of the BAER team members used TR-55 to calculate post-fire runoff
increase (table 8).

The TR-55 requires the runoff Curve Number (CN) as an input parameter;
therefore, it can be considered as a Curve Number method. The TR-55 was re-
leased as a simplified procedure to calculate the storm runoff volume, peakflow
rate, hydrograph, and storage volume for storm water management structures in
small watersheds in urban areas, assuming the NRCS Type II rainfall distribu-
tion for all calculations (USDA SCS 1975). Later, a major revision was made to
improve the model by adding three more rainfall distributions (Type I, IA, and
IIT; fig. 4), programming the computations, and estimating time of concentration
using split separate flow phases (USDA SCS 1986).

Input Requirements
Required input data is as follows (USDA NRCS 2005b):

 1identification data;

» dimensionless unit hydrograph;

e storm data;

* rainfall distribution;

* area;

* Runoff Curve Number (CN); and

¢ time of concentration details.

Program Availability

The current version of TR-55 computer model is WinTR-55, which was re-
vised and completely rewritten. It uses the TR-20 model (USDA NRCS 2005a),
a NRCS storm event surface water hydrologic model applied at a watershed
scale, as the driving engine for all the hydrograph procedures (USDA NRCS
2005b).

WinTR-55 is a single-event, rainfall-runoff hydrologic model for small
watersheds with multiple sub-areas that are homogeneous. It generates hydro-
graphs from urban and agricultural areas and the generated hydrographs are
routed downstream through channels or reservoirs.

Discussion

WinTR-55 model can be run in either English or Metric units. The WINTR-55
model and related documents are available at the NRCS web site http://www.
wsi.nrcs.usda.gov/products/ W2Q/H&H/Tools_ Models/WinTRS55.html.

WinTR-55 model requires input data shown in table 19. For its applications
on the BAER road treatments, the TR-55 should be run once for pre-fire water-
shed conditions and again for post-fire conditions.

Advantages

The following were advantages to applying the WinTR-55 for post-fire run-
off and erosion estimation. WinTRS55:

* is applicable for estimating peak flow;

* estimates time to peak;

« is applicable to larger watersheds, which are less than 25 mi?; and
* uses both English and metric units.
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Table 19—WinTR-55 variables and their ranges (USDA NRCSb 2005).

Variable Range

Minimum area No absolute minimum area. The user should carefully examine results
from sub-area less than 1 acre.

Maximum area 25 mi? (6,500 ha)

Number of sub-watersheds 1to 10

Time of concentration for any sub-area 0.1 hour <T_< 10 hour

Number of reaches 0to10

Type of reaches Channel or structure

Reach routing Muskingum—-Cunge

Structure routing Storage—indication

Structure types Pipe or weir

Structural trial sizes 1t03

Rainfall depth Default or user-defined

0 to 50 inches (0 to 1,270 mm)

Rainfall distributions NRCS Type |, IA, II, 11l (fig. 4), NM60, NM65, NM70, NM75,
or user-defined

Rainfall duration 24-hour

Dimensionless unit hydrograph Standard peak rate factor 484, or user-defined

Disadvantages

The following were disadvantages to applying the WinTR-55 for post-fire
runoff and erosion estimation. WinTR55:

» does not estimate erosion;
* does not consider post-fire debris flow/torrent;

 only considers 24-hour storm duration, so it is not applicable to the regions
where the damaging storm duration is much shorter, such as 15 or 30
minutes;

 requires the user to determine pre-fire and post-fire CN that is a sensitive
parameter, so the estimated peak flow is subjective to users; and

* does not provide guidelines to determine post-fire CN, except for Regions 1
and 3.

Example

The TR-55 model was used to estimate post-fire peak flows on the 2002
Bullock fire. Table 20 shows the analysis that was conducted. The “2-year post-
fire equivalent” displays the corresponding flood level expected from a typical
2-year storm event.

Water Erosion Prediction Project (WEPP) Model: Erosion Risk Management Tool
(ERMIT)

The ERMIT (Robichaud and others 2006, 2007), a FS WEPP Interface, has
been used by the BAER team members (5%; table 8), primarily from Region 4.

The WEPP model was developed by an interagency group of scientists
from the U.S. Department of Agriculture’s Agricultural Research Service,
Forest Service, and Soil Conservation Service (currently Natural Resources
Conservation Service); U.S. Department of Interior Bureau of Land Management;
U.S. Geological Survey; and several university cooperators. The WEPP model
predicts soil erosion and sediment delivery by water using stochastic weather
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Table 20—Hydrological analysis 2-year, post-fire equivalent flood level using TR-55 for the 2002 Bullock Fire in the
Coronado National Forest, Arizona (Lefevre and others 2002).

2-year
post-fire
Site name equiv Q, Q Qg Q,; Qg Q,00
------------------ o R

Bear Canyon: main canyon at highway Pre 89 220 326 5352 668 847
25 Post 4457 734 944 1,336 1,566 1,849

Bear Canyon: west canyon at highway Pre 9 21 31 50 62 81
25 Post 38 62 79 111 130 158

Willow Canyon summer home area at crossing Pre 1 5 10 27 41 63
25 Post 18 49 74 123 155 197

Rose Canyon campground at lower crossing Pre 2 9 16 44 68 111
5 Post 10 34 62 123 163 227

Barnum Rock at highway Pre 0 1 2 6 9 13
100+ Post 17 28 36 50 58 69

Sollers at highway Pre 0 1 2 6 9 15
100 Post 12 22 29 44 52 66

Sollers West at highway Pre 0 2 3 8 12 19
100 Post 22 36 45 63 74 90

Slide Area at highway Pre 0 1 2 5 8 12
50 Post 9 16 21 31 37 46

Slide Area West at highway Pre 0 1 1 4 6 9
50 Post 5 9 12 18 21 27

Incinerator Ridge East at highway Pre 0 1 1 3 4 6
100 Post 7 10 13 18 21 25

Incinerator Ridge at highway Pre 0 1 1 4 6 9
50 Post 5 10 13 20 24 31

Bear Willow summer home area Pre 0 0 1 2 3 4
100+ Post 7 11 13 17 20 23

Control Road at Green Springs Pre 1 2 5 12 17 26
100 Post 30 48 61 84 98 118

Marble Peak at Mine entrance Pre 11 31 52 81 102 136
50 Post 103 158 204 262 301 360

Lone Wolf Ranch at Eastern property line Pre 15 35 55 83 103 135
10 Post 55 93 128 173 202 246

@ Bold numbers represent similar peakflows. For example, a 2-year post-fire, peakflow (445 cfs) is equivalent to a 25-year, pre-fire

peakflow (535 cfs).

30

generation, infiltration theory, hydrology, soil physics, plant science, hydraulics,
and erosion mechanics (Flanagan and Livingston 1995). The Forest Service
WEPP (FS WEPP) Interfaces were developed by the U.S. Forest Service’s
Rocky Mountain Research Station, Soil and Water Engineering Research Work
Unit, Moscow, Idaho (Elliot 2007). They are user-friendly, online tools for vari-
ous forest applications, and consist of the following individual interfaces:

* Cross Drain: Predicts sediment yield from a road segment across a buffer.

* Rock:Clime: Creates and downloads a WEPP climate file.

» WEPP:Road: Predicts erosion from insloped or outsloped forest roads.
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* WEPP:Road Batch: Predicts erosion from multiple insloped or outsloped
forest roads.

* Disturbed WEPP: Predicts erosion from rangeland, forestland, and forest
skid trails.

* Erosion Risk Management Tool (ERMiT): Predicts the probability
associated with a given amount of soil erosion in each of 5 years following
wildfire, and estimates effectiveness of various hillslope treatments.

» WEPP FuME (Fuel Management): Predicts soil erosion associated with
fuel management practices, including prescribed fire, thinning, and a road
network, and compares that prediction with erosion from wildfire.

Input Requirements
To use the ERMiT, the following information is required (fig. 14):

+ climate

* soil texture, chosen among clay loam, silt loam, sandy loam, and loam
 rock content

* vegetation type, chosen among forest, range, and chaparral

* range/chaparral pre-fire community description, which can be defined by
users if “range” or “chaparral” is selected for vegetation type

* hillslope gradient, which consists of top gradient, middle gradient, and
toe gradient (the top and toe gradients each represent 10% of the hillslope
length and the middle gradient represents 80% of the hillslope length)

* hillslope horizontal length
* soil burn severity, chosen among high, moderate, and low.
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Figure 14—ERMIT input screen (http:/forest.moscowfsl.wsu.edu/cgi-bin/fswepp/ermit/ermit.pl).
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Program Availability

The ERMIiT is run from the web site (http:/forest. moscowfsl.wsu.edu/
fswepp/). Users can type and choose input information, and run ERMiT. The
ERMIT reports rainfall event rankings and characteristics (including runoff),
the exceedance probability associated with sediment delivery, and mitigation
treatment comparisons (e.g., untreated, seeding, mulching with application rate
of 0.5, 1, 1.5, and 2 ton/acre, erosion barriers, and contour-felled logs/straw
wattles) (fig. 15).

Advantages

The following were advantages to applying the ERMiT for post-fire runoff
and erosion estimation. ERMIT:

* is applicable for estimating post-fire erosion up to 5 years after the fire;

* identifies the damaging storm, which is often a short duration (less than 1
hour), high intensity storm;

* provides various outputs, such as the exceedance probability;

* is suitable for evaluating the effectiveness of various hillslope treatments
(e.g., seeding, mulching, erosion barriers, and contour-felled logs/straw
wattles);

* is user-friendly, easy to use, and on-line accessible;

* is process-based (i.e., applicable to any part of the United States and to
other countries as long as the required climate information is available); and

 uses both English and metric units.

Disadvantages

The following were disadvantages to applying the ERMiT for post-fire runoff
and erosion estimation. ERMIT does not:

* estimate post-fire peak flow, so it is not adequate for prescribing post-fire
road treatments;

* provide pre-fire runoff and erosion information, so it cannot compare pre-
and post-fire changes;

* consider post-fire debris flow/torrent; and

* consider watershed shapes and assumes a rectangular hillslope, so ERMiT
is difficult to apply for post-fire conditions at a watershed scale (>2 mi?).

Recent developments now allow WEPP simulations using digital sources
of information with Geographic Information Systems (GIS). This GIS wizard
is called GeoWEPP (http://www.geog.buffalo.edu/~rensch/geowepp/), and it
has been under development for forest conditions since about 2002 with fund-
ing from the Joint Fire Science Program (Renschler 2003; Renschler 2008).
GeoWEPP will allow BEAR team members to model pre- and post-fire condi-
tions at a watershed scale. See the GeoWEPP web site for current status of the
program.

Example

The WEPP model was run to estimate 20 years of the pre- and post-fire runoff
and erosion potential for the Red Eagle Fire in 2006. The results show more run-
off events with greater risks of flood and erosion (table 21). The WEPP model
predicted a dramatic increase in the number of rainfall and snowmelt runoff
events from 2 and 0 for pre-fire conditions to 79 and 14 for post-fire conditions.

USDA Forest Service RMRS-GTR-228. 2009.
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Table 21—Runoff and erosion estimation using the WEPP model for the 2006 Red Eagle Fire, Montana (Sirucek and

others 2006).

Runoff Soil erosion Number of rainfall events Number of snowmelt events

Pre-fire conditions
Post-fire conditions

(inch) (tons ac™)
0.18 0.04 2 0
3.08 127 79 14

Fire-Enhanced Runoff and Gully Initiation (FERGI) model

The FERGI model is used by 2% of the BAER team members in Region 4
(table 8).

The FERGI model was developed by the U.S. Forest Service, Rocky
Mountain Research Station, Boise Aquatic Science Lab and is based on sev-
eral scientific research papers (Istanbulluoglu and others 2002; Istanbulluoglu
and others 2003; Istanbulluoglu and others 2004; Luce 2005; Luce and others
2005; Rajagopalan and Lall 1999; Rhodes 2005; Shakesby and others 2000).
The FERGI model is a physically based mathematical description of hillslope
hydrologic and geomorphic response to a set of weather events, and the model is
applicable to any part of the western United States. FERGI estimates the prob-
ability of post-fire rainfall excess (mm), runoff generation amount (m3 s m_l),
and gully initiation positions (m) on hillslopes with and without mitigations
using contour felled logs/log barriers.

Input Requirements
To use the FERGI model, the following information is required:

* location of three nearest weather stations selected from the FERGI input
screen

* depth to water repellent layer, the proportion of the area that is underlain by
water repellent soils after a fire

* fractional water repellency

* saturated hydraulic conductivity

* slope

* hillslope length, average length of hillslope before flow begins to
accumulate into channels

* Dy, of soil surface

 storage capacity of barriers, the amount of precipitation that can be stored
by the barriers (i.e., the volume of water storage behind barriers divided by
the total area over which the measured barriers are applied)

 fraction of area trenched, the total length of scalping times the width of
scalped area divided by the total area of the site

Program Availability

The FERGI model is accessible from the Forest Service intranet (http://
frames.nbii.gov/fergi/) and run online. Users follow three steps to run the FERGI
model: (1) zoom to the area of interest, (2) select each of the three weather sta-
tions (fig. 16), and (3) enter soil and hillslope parameters (fig. 17).
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The FERGI model reports the following (fig. 18):
* return interval (yrs; from 1 to 100 years)
* rainfall excess no treatment (mm)
 rainfall excess treatment (mm)
* rainfall excess reduction (%)
* hillslope runoff no treatment (m3 s m’l)
« hillslope runoff treatment (m> s ! m™)
* hillslope runoff reduction (%)
 gully head no treatment (m)
* gully head treatment (m)
* gully head reduction (%)
This output is provided as graphs (% reduction of rainfall excess, hillslope
runoff, and gully length) (fig. 18) and tables of text file.
Advantages

The following were advantages to applying the FERGI for post-fire runoff
and erosion estimation. FERGI:

*» estimates rainfall excess, post-fire runoff, and gully length of a rectangular
strip;

» provides an estimate of the effectiveness of contour felled logs/log barriers
as a function of storm return periods;

* is on-line accessible; and

* is process-based, and applicable to the western United States.
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Figure 18—FERGI output as hillslope runoff graph. Usage of contour felled logs/log barriers is mostly effective
for small rainfall recurrence interval (less than 5 years).
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Disadvantages

The following were disadvantages to applying the FERGI for post-fire runoff
and erosion estimation. FERGI:

* does not provide pre-fire rainfall excess, runoff amount, and gully initiation
positions so users cannot compare pre- and post-fire changes;

* does not estimate erosion;

* does not consider post-fire debris flow/torrent;

* is available only for Forest Service intranet;

* requires detailed soil parameter information;

* does not consider watershed shapes and assumes a rectangular hillslope;

* considers only 24-hour storm duration, so it is not applicable to the regions
where the damaging storm duration is much shorter, such as 15 or 30
minutes; and

* uses metric units only.

Watershed Response Model for Forest Management (WATBAL)

The WATBAL program has been used by 2% of the BAER team members in
Region 1 (table 8).

WATBAL originated from the Northern Region’s Water Yield Guidelines,
also known as R1/R4 Guidelines (Haupt and others 1976), to establish water
yields in response to cumulative watershed development and vegetation ma-
nipulation and recovery over time. WATBAL was written in FORTRAN and has
evolved using up-to-date methodologies, research findings, and locally derived
water/sediment data. WATBAL is currently designed to simulate the potential
and most likely effects of primary forest management practices (e.g., timber
harvest, road development, and fire) on the responses of watershed and water re-
sources systems with regard to stream flow and sediment regimes (Jones 2005).
There are three functional elements in the program:

» a water yield model that uses response functions correlated to land
characteristics and forest practices that were taken from the Hydrologic
Simulation Model of the Colorado Subalpine Forest (Leaf and Brink 1973)
and calibrated for the Northern Rocky Mountains;

» asediment yield procedure based on surface erosion that incorporates the
concepts and methodologies for the Idaho Batholith physiographic regions
and associated lands (Cline and others 1981); and

» asediment yield procedure based on mass erosional processes that was
developed on the Clearwater National Forest (Jones 2005).

A typical WATBAL watershed input data file and watershed output response
summary report is shown in figures 19 and 20.

Advantages

The following were advantages to applying the WATBAL for post-fire runoff
and erosion estimation.

* WATBAL is applicable for estimating stream flow (e.g., annual and peak
runoff and time to peak) and sediment regime effects of forest management
practices, including timber harvest, road development, and fire on
watersheds.
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The Clearwater National Forest continues to monitor watersheds. Based on
the monitoring data, the model is continuously calibrated, validated, and
calibrated again and is believed to be relatively accurate.

Disadvantages

The following were disadvantages to applying WATBAL for post-fire runoff

and erosion estimation. WATBAL:

is only applicable to Central and Northern Rocky Mountains for water yield
(annual and peak runoff), the Idaho Batholith physiographic region for
sediment yield from surface erosion, and Clearwater National Forest in the
southern Idaho Batholith for sediment yield from landslides;

does not consider post-fire debris flow/torrent;

works best in watersheds of 4 to 40 mi’, tends to over predict sediment in
watersheds smaller than 4 mi” and under-predicts sediment in watersheds
greater than 40 mi’ (Jones 2005).

is not user-friendly; and
uses English units only.
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Table 22—Pre- and post-fire WATBAL comparison for the 2000 Crooked Fire in the Clearwater National
Forest, Idaho, based on fire perimeter as of August 28, 2000. All values are percent increase over
baseline condition (Jones 2000).

Pre-fire Post-fire
b d b d
Watershed Sed? Q,, Q,° T, Seda Q,, Q,° T,
____________ - == m = m e = oo = /Y
Haskell 488 8 8 9 104 15 16 17
Rock 31 5 5 5 295 18 20 19
Pack 9 9 9 10 9 9 9 10
Lower Crooked 14 5 5 6 109 15 16 17
Crooked @ mouth 7 2 2 3 22 3 3 4

@ Sediment

® Annual average flow
¢ Peak flow

d Time to peak

€ Haskell watershed in pre-fire condition produces 48% more sediment than baseline condition.

Example

The Crooked Fire occurred on the Clearwater National Forest in July 28,
2000. WATBAL was used to estimate post-fire sediment and peak flow increas-
es. The pre- and post-fire WATBAL comparison is shown in table 22.

Baer Road Treatments

BAER specialists have been using various road treatments to increase flow
and debris flow capacity of road drainage structures due to wildland fires.
Depending on regional climate and fire regimes, different road treatments were
preferred. Napper (2006) describes implementation details of most of these
treatments, including primary use, description, purpose, suitable sites, cost, and
construction specifications. The most commonly used road treatments and their
popularity by BAER specialists are shown in table 9. A description and discus-
sion of these treatments follow.

Armored ford crossing

An armored ford crossing prevents stream diversion and keeps water in its
natural channel; prevents erosion of the road fill and reduces adverse effects to
water quality; and maintains access to areas once storm runoff rates diminish.
Only a small fraction of BAER specialists recommended armored ford crossing.

Channel debris cleaning

Channel debris cleaning involves removing organic debris and sediment
deposits from above the culvert to prevent them from becoming mobilized in
debris flows or flood events. Channel debris cleaning is not frequently recom-
mended by BAER specialists.

Culvert inlet/outlet armoring/modification

The culvert inlet/outlet is often armored to protect the culvert inlet and
fillslope. Culverts are modified to increase the flow and debris passage capacity
to prevent road damage. Flared/winged metal end sections are often attached for
these purposes, especially in California. Only a very small fraction of BAER
specialists recommended these treatments. Culvert modification is not com-
monly recommended by the BAER specialists in the other areas.

USDA Forest Service RMRS-GTR-228. 2009.



Culvert removal

Culvert risers

Culvert removal uses each Forest’s guidelines for culvert hydraulic capac-
ity to determine if a replacement is necessary in the post-fire environment. If
vehicle access is not needed, temporary culvert removal is often an option until
the area stabilizes. Culvert removal is frequently recommended by Regions 3
and 6 BAER specialists.

Culvert risers help prevent the culvert from plugging with sediment and float-
ing debris. The risers allow sediment to accumulate while allowing the water to
flow through the culvert. This storage of water and sediment also reduces the
peak flows. Only Region 5 BAER specialists recommended culvert risers on a
small number of occasions.

Culvert upgrading

Culvert upgrading relies on each Forest’s guidelines for both hydraulic ca-
pacity and aquatic species passage to determine if a culvert should be replaced
with one of a larger size. Given the values at risk, the culvert upgrading must
be designed and implemented to maintain vehicle access and protect aquatic re-
sources. Culvert upgrading is the second most frequently recommended BAER
road treatment. Flow capacity of typical culverts in forestlands is shown in
table 23.

Table 23—Flow capacity for circular and pipe-arch culverts (Robison and others 1999).

Circular culverts?

Pipe-arch culverts?

Cross-section Maximum flow Cross-section Maximum flow
Diameter area culvert in culvert Span x Rise area culvert in culvert
(inches) (ft3) (cfs) (ft and/or inches) (ft3) (cfs)
15 1.2 3.5 22" x 13" 1.6 4.5
18 1.8 5 25" x 16" 2.2 7
21 24 8 29" x 18" 29 10
24 3.1 11 36" x 22" 4.3 16
27 4 15 43" x 27" 6.4 26
30 4.9 20 50" x 31" 8.5 37
33 5.9 25 58" x 36" 11.4 55
36 71 31 65" x 40" 14.2 70
42 9.6 46 72" x 44" 17.3 90
48 12.6 64 6'-1" x 4'-7" 22 130
54 15.9 87 7'-0" x 5'-1" 28 170
60 19.6 113 8'-2" x 5'-9" 38 240
66 23.8 145 9'-6" x 6'-5" 48 340
72 28.3 178 11-5" x 7'-3" 63 470
78 33.2 219 12'-10" x 8"-4" 85 650
84 38.5 262 154" x 9'-3" 107 930
90 442 313
96 50.3 367
102 56.7 427
108 63.6 491
114 70.9 556
120 78.5 645
132 95 840
144 113.1 1,000

@ Typical case of ditch relief culvert on forest lands was assumed, which is that the culvert is inlet-controlled, and projecting inlet and
headwater depth is equal to diameter or height of culvert.
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Debris/trash rack

A debris/trash rack is a barrier across the stream channel that is used to stop
debris too large to pass through a culvert. Debris/trash racks are designed for
small and medium floating debris. The storage area upstream from the debris/
trash rack should be large enough to accumulate the anticipated size and quan-
tity of debris, and be accessible for clean-out equipment. Only Regions 3 and 5
BAER specialists recommended debris/trash racks frequently, whereas other
Regions only occasionally recommended them.

Ditch cleaning/armoring

Ditches are cleaned to prevent culvert plugging and armored to prevent ero-
sion from the ditch bed. Many BAER specialists considered ditch cleaning/
armoring as an efficient road treatment and, consequently, frequently recom-
mended it.

Hazard/warning sign

Hazard/warning signs inform the public of potential hazards created by the
fire, including flooding, falling rock, and debris. Stocking hazard/warning signs
for immediate use in advance of the fire season is useful.

Outsloping road

An outsloped road design disperses water along the fillslope and can reduce
erosion. Outsloping is often combined with other road treatments such as rolling
dip and armored ford crossing. Outsloping is not frequently recommended by
BAER specialists.

Relief culvert

An additional relief culvert is sometimes used to increase the flow capacity of
water and debris for an existing culvert. A relief culvert is not frequently recom-
mended by BAER specialists.

Road closure

A road closure is intended to prevent unacceptable degradation of critical
natural or cultural resources or downstream values. Region 3 BEAR specialists
considered a road closure as an alternative to other road treatments to protect
road users in the event of flash flooding. However, road closure is generally not
liked by the public. A road closure is seldom recommended.

Road decommissioning

Road decommissioning is intended to restore natural hillslope and reduce
degradation of natural resources and downstream values. It is seldom recom-
mended; however, it is a viable treatment in cases where roads are either not part
of the classified road system or have gone through a process (usually includ-
ing public involvement) that clears restrictions for decommissioning. Classified
roads are not eligible for road decommissioning using BAER funds. There are
five levels of treatments for road decommissioning: (1) block entrance, (2) re-
vegetation and waterbarring, (3) remove fill and culverts, (4) establish drainage
ways and remove unstable road shoulders, and (5) full obliteration, recontouring,
and restoring natural slopes (USDA Forest Service 2003). If road decommis-
sioning is prescribed in BAER, it is usually at the level of full recontouring.
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Rolling dip/water bar

A rolling dip/water bar is used to drain water effectively from the road sur-
face and reduce the concentration of flow. A rolling dip/water bar also provides
a relief valve when a culvert is plugged. Often, a rolling dip/water bar is ar-
mored and it is used instead of a culvert upgrade because of its relatively low
cost. Rolling dip/water bar is the most frequently recommended road treatment
by BAER specialists.

However, a rolling dip/water bar may erode away with strong currents in high
discharge. Tables 24 and 25 show the permissible velocity (1) in a bare channel
and (2) in a vegetated channel to withstand erosion. The dipped road surface
must be able to withstand these flow velocities.

The overflow discharge over an embankment, such as a drain dip located in
the fill over a culvert, can be estimated using the weir formula in equation 5.

Where:

3 1

Q= discharge over an embankment, in m” s~

C= sill coefficient, in m!2 s
b = length of the flow section in m
H=total head upstream of the sill in m
The coefficient of C is a function of #/L (/4 is the head over a sill of width L)
for free flow conditions, whereas a correction factor, f; as a function of %, /H
(h, 1s the head drop of a sill to downstream), may be incorporated in equation 5
for submerged flow conditions (Novak and others 2001).

Table 24—Permissible velocity to withstand erosion (Watkins and Fiddes 1984; Novak and

others 2001).

Surface type 50 percentile size Permissible velocity
(mm) (ms™)

Fine silt — 0.25t0 0.8
Sandy clay of low density — 0.4
Coarse silt, fine sand 0.05
Fine sand (non-colloidal) 0.25 0.6
Sandy loam (non-colloidal) — 0.7
Sandy clay of medium density — 0.8
Silt loam —
Medium sand 1.0
Dense clay — 1.0
Volcanic ash —
Coarse sand 25
Stiff clay — 1.5
Graded loam to cobbles —
Alluvial silt (colloidal) —
Graded silt to cobbles (colloidal) — 1.6
Gravel (medium to fine) 5.0 1.1
Gravel (coarse to medium) 10 1.4
Coarse gravel and cobbles 25 1.9
Cobbles 40 24
Cobbles 100 3.6
Bitumen-bound macadam? — 6.0
Asphalt — 7.0

@ Type of road construction. It consists of three layers of stones that interlock each other.
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Table 25—Permissible velocities in vegetated channels (Watkins and Fiddes 1984).

Vegetation

Permissible velocities

% slope of drain In stable soils In erodible soils

Bermuda grass
(Cynodon dactylon)
Buffalo grass

(Buchloe dactyloides)

-------- ms™M)----o---
Oto5 2.4 1.8
51010 2.1 1.5
Oto5 2.1 1.5
51010 1.8 1.2

Table 26—Range of values of C for free flow or modular flow
over the embankment (Novak and others 2001).

Table 27—Correction factor, f, for submerged flow or
non-modular flow (Novak and others 2001).

Surface type Range of h/L Range of C Surface type Range of h , /H f
Paved surface 0.15 1.68 Paved surface <0.80 1.00
0.20 1.69 0.90 0.93
>0.25 1.70 0.95 0.80
Gravel surface 0.15 1.63 0.99 0.50
0.20 1.66 Gravel surface <0.75 1.00
0.25 1.69 0.80 0.98
0.30 1.70 0.90 0.88
0.95 0.68
0.98 0.50

Storm patrol

Free flow occurs where a man-made structure creates a drop in water level
over the structure resulting in the major part of the total upstream energy head
being converted into kinetic energy to obtain critical flow at the control sec-
tion. Under this condition, the upstream head is independent of downstream
conditions.

The opposite of free flow is submerged flow. With submerged flow, the drop
in water level over the structure is small and the flow above it remains sub-
critical. Therefore, the upstream head is affected by downstream conditions
(Boiten 2002). Either of these flow conditions is possible in forest conditions.
The range of values for C and f'are shown in tables 26 and 27.

A storm patrol keeps culvert and drainage structures functional by cleaning
sediment and debris from the inlet between or during storm events. It is an effi-
cient measure to protect the transport infrastructure after a wildfire and provides
needed road access throughout the designated storm season by ensuring road
drainage function.

Gray Literature From BAER Interviews

44

From BAER interviews, we obtained various gray literature (i.e., unpub-
lished reports, file reports, or hard to find proceeding papers). Table 28 lists
and categorizes the gray literature. This section contains a summary of ben-
eficial information related to post-fire runoff and erosion estimation methods,
road treatments, and post-fire monitoring reports. The opinions and values in the
following summaries are those of the gray literature authors and not necessar-
ily those of this report’s authors. In a few instances, italicized comments reflect
what we believed necessary to clarify or correct comments in the gray literature.
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Figure 21—Location of three burned
areas in Montana: A. Canyon Ferry,
B. Ashland, and C. Bitterroot (Parrett

46

and others 2004).

USGS regression methods

Parrett, Charles; Cannon, Susan H.; Pierce, Kenneth L. 2004. Wildfire-related
floods and debris flows in Montana in 2000 and 2001. Water-Resources
Investigations Report 03-4319. Denver, CO: U.S. Geological Survey. 22 p.

Following extensive wildfires in summer 2000, flooding and debris flow oc-
curred in three different burned areas in Montana on the Canyon Ferry, Ashland,
and Bitterroot Fires (fig. 21).

Approximately 40,000 acres were burned through September in the Canyon
Ferry area. Fires included Canyon Ferry Complex and Boulder Complex
(Montana Department of Commerce 2003). A U.S. Geological Survey rain gage
recorded a 5- to 10-year return period, 15-minute duration event on July 17 on
Crittenden Gulch. The resulting measured flow had a pre-fire 200-year return
interval. Details of precipitation and peak streamflow discharges are shown in
tables 29 and 30.

Approximately 60,000 acres were burned in the Ashland area. Fires included
Pease Fire (Montana Department of Commerce 2003). The U.S. Geological
Survey rain gage recorded a 100- to 500-year return period, S-minute duration
event on June 30 at a site (site 33) near the center of the Ashland area (table 31).
Recurrence intervals for calculated peak stream discharges, based on unburned
conditions, were 50 to 100 years at three sites and greater than 500 at five sites
(table 32).

The Bitterroot area was the most active of the 2000 fire season and included
six different fire complexes, including Valley Complex, Mussigbrod Complex,
Skalkaho Complex, Wilderness Complex, Middle Fork Complex, and Blodgett
Trailhead. More than 400,000 acres were burned in the Bitterroot area (Montana
Department of Commerce 2003). A series of thunderstorms in July 2000 caused
flooding and debris flows on small streams. The U.S. Geological Survey rain
gage recorded multiple 10- to 25- year return period, 5- to 30-minute duration
events on June 15, 20, and 21. The resulting flows had an estimated pre-fire
recurrence interval of 200 to 500 years. Details of precipitation and peak stream-

flow discharges are shown in tables 33 to 35.
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Table 29—Data from significant precipitation storm events during 2001 at U.S. Geological Survey
precipitation stations in Canyon Ferry area, Montana (Parrett and others 2004).

Crittenden Gulch

(site 27)
717 7/30

Storm Maximum Recur. Storm Maximum Recur.
duration rain depth interval duration rain depth interval
(minute) (inch) (year) (minute) (inch) (year)

5 0.17 5 5 0.02 <2

10 0.27 5 10 0.04 <2

15 0.36 5t0 10 15 0.06 <2

30 0.41 2to5 30 0.12 <2

60 0.43 2to5 60 0.15 <2

Daily total 0.70 <2 Daily total 0.28 <2

Upper Magpie Creek Lower Magpie Creek
(site 29) (site 30)
717 717

Storm Maximum Recur. Storm Maximum Recur.
duration rain depth interval duration rain depth interval
(minute) (inch) (year) (minute) (inch) (year)

5 0.13 2 0.07 <2

10 0.18 <2 10 0.10 <2

15 0.21 <2 15 0.12 <2

30 0.30 <2 30 0.19 <2

60 0.35 <2 60 0.23 <2

Daily total 0.58 <2 Daily total 0.39 <2

Table 30—Peak streamflow discharges and estimated recurrence interval during 2001 at U.S. Geological Survey
streamflow-gaging stations in Canyon Ferry area, Montana (Parrett and others 2004).

Precip. Date of Estimated
Station or Drainage station peak Peak recur.
stream name area site number discharge discharge interval®
(mi?) (cfs) (year)
Crittenden Gulch at mouth, 23 27 77 1,020° 200
near Helena 2.3 27 7/31 60°¢ 51010
Magpie Creek above Bar Gulch, 17.4 29/30¢ 7miv 405 50 to 100
near Helena
Hellgate Gulch at Forest Service 9.2 30 7mi 310° 100 to 200

boundary, near Helena

@ Based on equations developed for ungaged sites in unburned areas by Parrett and Johnson (2004).

b Multiple peak flows from thunderstorms
¢ Estimated discharge

4 Site 29 is located in upper basin, and site 30 nearby the streamflow-gaging station.

Table 31—Data from significant precipitation storm events during 2001 at U.S. Geological Survey
precipitation stations in Ashland area, Montana (Parrett and others 2004).

Upper Paget Creek Coal Bank Creek
(site 33) (site 34)
6/30 6/30

Storm Maximum Recur. Storm Maximum Recur.
duration rain depth interval duration rain depth interval
(minute) (inch) (year) (minute) (inch) (year)

5 0.56 100 to 500 5 0.14 <2

10 0.75 25 to 50 10 0.28 <2

15 086 25 15 0.29 <2

30 0.95 10 30 0.29 <2

60 0.96 5 60 0.29 <2

Daily total 0.96 <2 Daily total 0.29 <2

USDA Forest Service RMRS-GTR-228. 2009.
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Table 32—Peak streamflow discharges and estimated recurrence interval during 2001 at U.S. Geological Survey

streamflow-gaging stations in Ashland area, Montana (Parrett and others 2004).

Precip. Date of Estimated
Station or Drainage station site peak Peak recur.
stream name area number discharge discharge interval®
(mi?) (cfs) (year)
Home Creek near Ashland 35.4 33 6/30 1,000° 50 to 100
Newell Creek near Ashland 4.3 33 6/30 400 50 to 100
Chromo Creek near Ashland 5.2 33 6/30 1,220 >500
Brain Creek near Ashland 8.0 33 6/30 3,200 >500
Paget Creek near Fort Howes 14.0 33 6/30 3,500 >500
Ranger Station, near Otter
Hole-in-the-Wall Creek near Ashland 1.5 34 6/30 310 50 to 100
Dry Creek near Ashland 4.5 33 6/30 2,460 >500
King Creek near Ashland 12.4 33 6/30 1,920 >500

@Based on equations developed for ungaged sites in unburned areas by Parrett and Johnson (2004).

Estimated discharge

Gerhardt, Nick. 2005. [Personal notes]. September 2. China 10-Flow
calculations using USGS regression method.

+ assume that peak flow occurs in spring runoff, not fall storm flow
* 10-year, 24-hour storm = 2.8 inches (Miller and others 1973b)

* use 10-year peak flow for Peasley Creek from Kjelstorm and Moffat (1981)
= 11.9 cfsm for pre-fire condition

* assume a two-fold 1st year post-fire runoff increase for moderate/high burn
severity from Robichaud (2000)

¢ calculate the area of different burn severities as follows:

Area of burn

= 122 acres for high burn

} 714 acres = 1.12 mi? =41%

= 592 acres moderate burn

= 254 acres for low burn

=796 acres unburned

} 1050 acres = 1.64 mi® = 59%

2.76 mi?

* Calculate post-fire peak flow based on a 10-year, 24-hour storm as follows:

Peak flow from high/moderate burn severity

Peak flow from low burn severity/unburned

=238cfsmx41% =9.76 cfsm
=119 cfsm x 59% =7.02 cfsm

16.78 cfsm

Jones, Richard; Mital, Jim. 2003. Burned area report, Beaver Lakes Complex. 11 p.

Jones, Richards [and others]. 2006. Burned area report, Gash Creek Incident. 13 p.

For design storm analysis, a 15-minute, 25-year storm was used that occurred
in Sleeping Child Creek on July 15, 2001 (Parrett and others 2004; table 33).
The storm produced 200 cfs over a 1.8 mi” burned watershed, resulting in 110
cfsm, which was greater than a 500-year runoff event (Parrett and others 2004;
table 34). This watershed was selected for the design storm since the runoff
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Table 33—Data from significant precipitation storm events during 2001 at U.S. Geological Survey
precipitation stations in Bitterroot area, Montana (Parrett and others 2004).

Laird Creek at mouth

(site 3)
7120 7121
Storm Maximum Recur. Storm Maximum Recur.
duration rain depth interval duration rain depth interval
(minute) (inch) (year) (minute) (inch) (year)
5 0.12 2 5 0.16 5
10 0.24 5 10 0.31 10
15 0.31 5 15 0.47 10 to 25
30 0.42 2t05 30 0.54 10
60 0.43 2t05 60 0.58 510 10
Daily total 0.44 <2 Daily total 0.58 <2
Laird Creek above Gilbert Creek
(site 5)
7120 7121
Storm Maximum Recur. Storm Maximum Recur.
duration rain depth interval duration rain depth interval
(minute) (inch) (year) (minute) (inch) (year)
5 0.21 10 to 25 5 0.15 5
10 0.35 10 to 25 10 0.22 2t05
15 0.38 10 15 0.30 5
30 0.42 2t05 30 0.35 2t05
60 0.43 <2 60 0.47 2t05
Daily total 0.43 <2 Daily total 0.61 <2
North Rye Creek Burke Gulch
(site 7) (site 12)
7/15 7/30
Storm Maximum Recur. Storm Maximum Recur.
duration rain depth interval duration rain depth interval
(minute) (inch) (year) (minute) (inch) (year)
5 0.22 10 5 0.04 <2
10 0.35 10 to 25 10 0.06 <2
15 0.44 10 to 25 15 0.07 <2
30 0.54 10 30 0.09 <2
60 0.62 510 10 60 0.12 <2
Daily total 0.64 <2 Daily total 0.78 <2
Sleeping Child Creek
(site 14)
7/15
Storm Maximum Recur.
duration rain depth interval
(minute) (inch) (year)
5 0.21 5
10 0.38 10 to 25
15 0.53 25
30 0.66 10 to 25
60 0.76 10
Daily total 0.83 <2

USDA Forest Service RMRS-GTR-228. 2009.
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Table 34—Peak streamflow discharges and estimated recurrence interval during 2001 at U.S. Geological

Survey streamflow-gaging

stations in Bitterroot area, Montana (Parrett and others 2004).

Precip. Date of Estimated
Drainage station peak Peak recur.
Station or stream name area site number| discharge | discharge interval ®
(mi%) (cfs) (year)
L|tt|_e Sleeping Child Cre_ek above 9.3 12 7/30 35° 2
Spring Gulch, near Hamilton
. 7/20 210° 200 to 500
Laird Creek near Sula 9.3 3 7121 220° 200 t0 500
Laird Creek above Gilbert Creek, near 5.1 5 7/20 160° 200 to 500
Sula ) 7/21 160° 200 to 500
North Rye Creek near Conner 17.5 7 7/15 260 100
Burke Gulch near Darby 6.5 12 7/30 3.3 <2
Sleeping Child Creek near Hamilton 37.0 14 7/15 150 <2
Unnamed tributary to Sleeping Child
Creek at Hot Springs, near Hamilton 36 14 7115 10 2
Unnamed tributary No. 7 to Sleeping d
Child Creek near Hamilton 18 14 7115 200 >500

@Based on equations developed for ungaged sites in unburned areas by Parrett and Johnson (2004).
® peak discharge from storm of September 30 to October 1, 2000, was 190 cfs with recurrence interval of 100 years.
¢ Multiple peak flows from thunderstorms

9 Estimated discharge

Table 35—Peak debris-flow discharges on July 15, 2001, at selected tributary sites in the Sleeping Child Creek

drainage in Bitterroot area,

Montana (Parrett and others 2004).

Unnamed tributary to

Sleeping Child Creek Drainage area Average channel slope Estimated peak flow

(mi2) (ft ft=") (cfs)
No. 2 0.07 0.43 1,740
No. 3 0.09 0.47 1,860
No. 4 0.10 0.46 1,930
No. 5 0.28 0.31 7,860
No. 6 0.08 0.43 3,500
No. 8 0.41 0.16 2,730

did not include debris and the watershed size was small (<2 mi?). The burned
watershed by the 2003 Beaver Lakes Fire, Idaho, could receive a similar storm
and respond similar to Sleeping Child Creek, where burn intensities were high.
Storm runoff should be adjusted where burn intensities are less than high. Road
drainage structures for a drainage area less than 2 mi? should be designed to
handle these flows (110 cfsm or less). For watersheds of 5 to 20 mi?, the design
storm should be approximately 23 cfsm (Arkell and Richards 1986).

Johnson, Steve; Gould, Jessica. 2003. Burned area emergency stabilization
and rehab plan, Blackfoot Complex Fires, Flathead NF, watershed
resource assessment. Libby, MT: U.S. Department of Agriculture, Forest
Service, Northern Region, Kootenai National Forest. 10 p.

Table 36 shows the burned area acreages by fire severity for selected water-
sheds associated with Blackfoot Complex as of September 20, 2003. A USGS
method based on Omang (1992) was used to estimate 100-year discharges for
selected drainages (table 37). To estimate the potential watershed response from
these areas, a modifier (flow increase factor) was applied to the USGS predicted
pre-fire flow values. The percent of the basin that had either high or moderate

USDA Forest Service RMRS-GTR-228. 2009.



Table 36—The burned acreages by fire severity associated with the 2003 Blackfoot Complex, Montana as of September
20, 2003 (Johnson and Gould 2003).

Burn severity area

Site name High Moderate Low and unburned Total watershed size
------------------------- ACTeS----------------- -

Sullivan 28,936 1,721 274 30,931

Sullivan below Conner? 10,131 1,695 274 12,100

Goldie at HH Reservoir® 1,519 835 56 2,410

Goldie Creek at FR 9838° 935 479 0 1,114

Clayton 3,840 447 0 4,287

@ This basin is not enclosed, but analyzed as a unit since this is only part 