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Abstract.

Fire season precipitation trends were investigasg daily rainfall data obtained from
seventy-six Remote Automated Weather Stations (RA8¢BSs Idaho and Montana for
the period 1982 to 2006. Missing and erroneousegsfrom each station were corrected
with gridded data from the North American RegioRahnalysis (NARR), creating
temporally consistent, comparable records. Monpingcipitation was then analyzed
during the core fire season (July-Sept) and biwepkécipitation was analyzed for the
start of fire season (June). The end of the seassrexamined using October
precipitation data and through identification chsen slowing rain events (SSE). These
analyses reveal significant changes in precipmatimount, timing and spatial
autocorrelation at stations. While June precijmtahas generally increased during the
period, core fire season is getting drier and longgeason slowing events are occurring
15 days later, on average, than they did in 198@eveummer rainfall is decreasing at
97% of stations with clusters of significant chafgeused in the central Idaho mountains
and in west-central Montana. The observed tremgsacipitation paired with later
season slowing events could result in more actreestasons in the Northern Rockies
and may explain some of the changes in fire setsdrhave been previously attributed
to earlier Spring snowmelt and warmer temperatures.
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1. INTRODUCTION
In recent years, the idea that fire season sevisrihcreasing has become prevalent.
According to the Government Accountability Offic@A0O), the average number of acres
burned between 2000 and 2005 was 70 percent gteateburned during the 1990s,
despite the fact that federal appropriations hapéet since the mid-1990s, to more than
$3 billion dollars annually. In their 2006 anakysif large fires in the western United
States, Westerling et al. noted that from the n8i8aks until 2003, wildfire frequency was
nearly four times the average of 1970-1986 (Wdstpet al., 2006). National
Interagency Fire Center (NIFC) records of annual fiumbers and acres burned since
1960 show that the average number of fires hasedsed while the number of acres
burned has increased, a trend implying that firegyatting larger. Current research
considers the possibility that recent increasdseractivity are linked to anthropogenic
climate change (Miller, 2006; Westerling et al.080 While much of this research
investigates the effect of increased global tentpeeaon wildfire activity, changes in
precipitation are more uncertain (Trenberth et2103). Precipitation has an important
link to fire behavior and seasonal decreases icifutation can increase fire activity by

reducing fuel moisture and relative humidity.

1.1 Precipitation Analysis

To date, investigations regarding trends in préain have focused on broad temporal
and spatial factors, such as annual trends atremitand global scales (Chang and
Kwon, 2007; Huntington, 2006; Regonda et al.,£00renberth et al., 2003).
Surprisingly, within-fire-season factors at thedband regional level have not been
systematically examined. Many events that occthiwiand around fire season alter the
complex link between weather and fuels that ultehyatletermines the nature of a
particular season. In consideration of weatheeetspalone, ignitions from lightning, air
temperature, rain, and atmospheric stability anathgrs, can change the magnitude of a
fire season (Agee, 1993; Werth and Ochoa, 1998)cipitation can alter fire behavior,
but will have different results depending on ametinting, and continuity. For
example, fire managers in the Northern Rockiesditeus on June precipitation as a

major predictor of fire season potential. Altermaly, a single rain event at the end of



August can foreshorten the most spectacular fas@g while the fire-slowing effects of

a heavy rain in the middle of the season can vanishmatter of days.

1.2 Project Overview

This research examines the occurrence and timifigeodeason precipitation in Idaho
and Montana from 1982 until present with the oliyecof producing a systematic
assessment of spatial-temporal patterns at themalgievel. Specifically, monthly and
bi-weekly precipitation trends are assessed wsltohic data from seventy-six Remote
Automated Weather Stations (RAWS) within the twatestarea. All stations in the study
area with archived data from 1982 or earlier wesedun the analysis. Additionally,
precipitation events that signal the end of firassm are investigated for trends, and
comparable event probabilities are produced. &usté considering events as “season
ending events”, | will look at the primary seastmang precipitation event, hereafter
referred to as season slowing event (SSE). Thev@i6ke defined using only
precipitation, following the process defined byhain and Rothermel (Latham and
Rothermel, 1993).

1.3 Benefits to Current Fire Management Processes

A primary goal of the research is to produce steshidad, comparable weather datasets
using products and tools that are accessibleaaimnagersRAWS datas frequently
used by the fire community for historical analysisveather conditions, as well as
calculation of fire danger indiceStandardized, complete RAWS datasets would be a
useful product for fire managers if the procesgpeatable using familiar programs. The
process will use information from RAWS with theant of producing datasets that are
complete, statistically defensible, and indepengeardmparable between stations.
Historically, the relative importance of weatheents to fire season has been difficult to
evaluate due to incomplete datasets and inconsisteim analytical methods. For this
analysis, RAWS data in .fwx format are combinechwitodeled weather data from the
North American Regional Reanalysis (NARR) (Messirgjeal., 2006) provided in the
same format, to produce complete records for thieegmeriod of interest. The weather

data are combined and interfaced using the Firdlydis (FFP) program (Bradshaw



and Brittan, 1999), a common weather analysisuset by fire managers. In the
resultant datasets, weather events are definedstemty from station to station creating

comparable records across ldaho and Montana.

1.4 Thesis Statement

The overriding goal of this research is to investiggthe possibility that fire season in
Idaho and Montana is changing in length and/or ntade due to changes in local
precipitation patterns. The length of fire seaganes across the western United States,
and for the purpose of this investigation fire seais defined as June to October.
Specific research goals include:
1. Produce a complete historical record of weathea tam RAWS that is
statistically defensible, comparable, and thaamifiar and accessible to fire

managers.

2. ldentify temporal and spatial precipitation patgenmthe Northern Rockies
over the past 25 years via trend analysis and atialuof spatial

autocorrelation.

3. Produce season slowing event (SSE) probabilities jdentify trends in fire
season length.



2. BACKGROUND

Understanding and predicting trends in seasonalggtation is essential for appropriate

fire season preparation, including the allocatibfuading to various fire agencies across
the western United States (Miller, 2006). Overrathvidual fire season, precipitation
influences the size and extent of fires and asalt,ehe need for both funding and
staffing at local to regional levels. Over a dexada century, long term trends in
precipitation may indicate the relative magnitudléuture wildfire activity in Western
forests. Investigating precipitation trends durfing season requires an understanding of
both the scale and seasonality of precipitatioinéfire environment. Additionally, it is
important to define the length of fire season, emdonsider the role of precipitation in
the fire environment throughout the season. Rmalhy fire weather analysis requires a
thorough understanding of available weather daiegrtial issues with available data,
and the characteristics of weather data colled¢tiahare important to the fire

community.



2.1 Precipitation in the Fire Environment

In order to observe trends in precipitation inwhkelland fire environment, it is important
to consider changes in the amount of precipitati®mell as the spatiotemporal
distribution of individual precipitation events.offexample, two inches of rain in a single
day event occurring in early August will have deliént effect on fire activity than that
same two inches spread out over the entire monghsasies of half-inch events occurring
once per week. Fire season in Idaho and Montanergly begins in late June and lasts
until September or October. Precipitation duringse months may have immediate and
direct results on the magnitude of the fire seaddrecipitation trends are commonly
observed at a broad scale as a comparison of atotaks over time. Because wildland
fires often occur in remote areas with variableotpaphy and microclimatology, it is
useful to observe precipitation trends at a smgkergraphic scale and using monthly or
even weekly totals. Further changes in the spdisatibution of precipitation, which

may indicate zones of similar microclimates, mayehsier to identify on localized
temporal and geographic scales. At the recentingeet the Intergovernmental Panel on
Climate Change (IPCC) scientists found substaatimlence regarding future
temperature trends, however evidence regardinfateeof precipitation was much less
conclusive (Trenberth et al. IPCC, 2007). Thersiest evidence demonstrated an
intensification of the hydrologic cycle with an oa#, global increase in precipitation
and a shift in the spatial distribution of precibn patterns. (Huntington, 2006). In this
paper, Huntington expressed a need for furthearebeand warned that trends at the
local scale may represent a regional redistributioprecipitation rather than a global
trend. Although some current research supportpalssibility that global precipitation
may be increasing (Huntington, 2006; Trenberth.e803), a change in the spatial or
temporal distribution of precipitation may resuitlocal to regional changes. Local
changes in precipitation are important to fire nggra because of the potential to affect
the magnitude of fire season directly. A trend dastrating an increasing time between
rain events, or a decreasing precipitation durirgdeason would suggest the possibility

of more active fire seasons in the future.



2.2 Defining Fire Season

The length of fire season in the Northern Rocksegairiable and bounded by a decrease
in spring precipitation and an increase in autumatipitation. Determining the length of
the fire season each year is an important padragj-term planning in fire management,
and is highly dependent on the timing of precipitaievents. Recent research suggests
that fire seasons are getting longer due to ameeathrt caused by changes in long-term
and global hydrologic trends (Westerling et alQ@0Running, 2006). In their 2006
paper, Westerling et. al compiled a comprehensataldhse of large wildfires in western
United States forests since 1970. This databasecarapared with the timing of Spring
snowmelt using the center of mass of
annual flow, and a strong correllation
was found between years with early
snowmelt and increased fire activity
(Figure 1). It was surmised that early
spring snowmelt allowed the fire

environment to dry out earlier, thus
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Figure 1. (Westerling et. al, 2006)) Annual frequency of past two decades. In addition,

large (9400 ha) western U.S. forest wildfires (pared mean
March through August temperature for the westeritddn
States (line). Spearman’s rank correlation betvwikeriwo ; FRgE

series is 0.76 (P G 0.001). Wilcoxon test for cleaimgmean WeSterlmg et. al (2006) indicated an
large—forest fire frequency after1987 was signifta@V
042; P G 0.001). (B) First principle componentehter
timing of streamflow in snowmelt dominated stredfime).
Low (pink shading), middle (no shading), and hitight
blue shading) tercile values indicate early, miohd late
timing of spring snowmelt, respectively. (C) Anntiate
between first and last large-fire ignition, and lasge-fire
control.

analysis of this fire database by

average increase of fifteen days in the
last reported wildfire ignition each
year (Figure 1). The greatest increase
in wildfire frequency occurred in the
Northen Rockies in mid and high
elevation forests, which account for 60% of theéase in large fires found in the

analysis. In the Northern Rockies, these forestsist mainly of lodgepole pine and



spruce fir with a high-severity fire regime whene fexclusion has had little impact on
natural fire regimes due to the long fire returieimal (Shoennagel, 2004). The
flammability of these forests, however, are higldgponsive to changes in air
temperature and moisture (Baker, 2003), and penmaps susceptible to climate
changes. It is also possible that the increasseiactivity at the end of fire season
observed by Westerling et. al (2006) are the refuthanges in precipitation patterns

during fire season.

2.3 “Season Ending” Events

The end of a fire season is generally caused bystwpping or fire slowing events which
eventually lead to a final season ending eventhérmid and high latitudes, the
opportunities for wildfire diminish as burn periogi®w shorter in response to declining
day length. In this context, a late season preatipit event can effectively end

significant fire activity. Fire stopping eventsake place when there is a sufficient change
in the environmental conditions to cause fire sprteatemporarily stop (RERAP User's
Guide 7.0, 2006). This is generally caused bymlgpation of events including an
increase in relative humidity, a decrease in agerature, or the occurrence of
precipitation events. In the Northern Rockies,iiches of rain over a 5 day period is
commonly cited as sufficient to temporarily stofgrowth (Latham and Rothermel,
1993). Aseason-ending eveatcurs when one or more weather events change a
wildland fire environment so that it no longer sagdp fire spread for the duration of the
season (RERAP User's Guide 7.01, 2006). Aftereastiopping event, a fire may resume
a period of active burning after the precipitatement. Season ending event, on the other
hand, implies that after the precipitation evem fmoistures inhibit fuel availability so
that fire growth is no longer of concern to firemagers until the following spring. A
season ending event usually consists of a firepstgpevent followed by a continual
combination of environmental factors, such as iaseel relative humidity, decreased air
temperature, higher fuel moistures, increased pitation and shorter days that

ultimately end the fire season.



2.3.1 Defining Season Ending Events

Currently, there is no standard method or commdimitien for determining a season
ending event. Methods vary between fire managerd all involve a significant amount
of subjective reasoning on the part of the andlysKurth, personal communication,
March 2008). Because the season ending eventatam as a combination of multiple
environmental factors, it is difficult to define am objective, analytical context. Most
methods used by fire managers use a combinationebr more of the following three

variables: precipitation amount, energy releasepmnent, and fire occurrence.

Precipitation. An increase in precipitation is the primary evirat will result in
a fire stopping event. As noted previously, In Newthern Rockies 0.5 inches of rain
over a five day period is a common definition fdira stopping precipitation event
(Latham and Rothermel, 1993). This definition chemdepending on region, fuels, and
climate. For example, it takes more rain to rediam@mability in heavy timber in Idaho
than it does for short grass and brush in Nevaeaaldifferences in fuel size and
continuity. If the precipitation event occurs latehe fall when day length is short and
temperatures are cool enough that the fire enviemtroan no longer dry sufficiently to
support active fire spread, the fire stopping ewvenild also be considered a season
ending event. If a fire stopping event is followwdcontinuous, subsequent precipitation
events until late in the season, this primary si@pping event could also be considered a
season ending event. Although precipitation issthle event that can stop a fire or end a
fire season abruptly, it is difficult to determiaewhat point the fire environment can no
longer dry out and support fire spread.

Energy Release ComponentThe Energy Release Component (ERC) is a

number related to the available energy (BTU) pétr anea (square foot) within the
flaming front at the head of a fire. The ERC issidered a composite fuel moisture
index as it reflects the contribution of all livedadead fuels to potential fire intensity
(National Wildfire Coordinating Group, 2002). Dailariations in ERC are due to
changes in fuel moisture content. The ERC valumsed on National Fire Danger



Rating System (NFDRS) fuel models, which can besifeed into four basic groups
including: coniferous timber, other timber, graamsd brush. Within the coniferous
timber group, fuel model G is often used to gereedatily ERC values over time because
it contains all size classes of live and dead fuaisl larger fuels have a stronger effect on
ERC values than fine fuels. Using fuel model G, E&@ track seasonal fire danger and
indicate the effects of intermediate and long tdrging on fire behavior, although it is
not intended for use strictly as a drought indBecause the ERC is a reflection of the
ability of the fire environment to burn, it is oft@aired with a precipitation event in
order to determine if a season ending event wilioc Although the ERC can help
determine if the fire environment can support fités difficult to choose a singular value
at the end of fire season. Variable temperatusesbined with precipitation events at the
end of fire season cause the ERC values to fluesisttstantially as they decline,
creating a fire environment that may continually dut and is available to burn until the
season ending event occurs. Because of this, ER@schosen to determine season

ending events are also highly variable and diffitoistandardize and compare.

Fire Occurrence. All federal agencies involved with wildland firecord and

archive basic information from each fire includiirg size, location, and start date.
Compiled start dates are often paired with preaifmh data and ERC data to further
assist in determining the likelihood that a seaswaing event will occur. When fire
starts cease to occur near the end of the seassmassumed that a season ending event
has occurred during this time period. Because fwdystart dates are recorded, it is
impossible to tell how long these fires continuedbtirn. For example, a forest may
receive no new starts while previously startedsfirentinue to grow and actively burn.
Since no new starts are recorded, it may appetfitbgdeason has ended when the

season ending event has yet to occur.

2.3.2 Analysis of Season Ending Events

Currently, most fire managers use a program cé&tl@e Event Risk Assessment Process
(RERAP) (Wiitala, 1999) to calculate season endiwngnts. Using a database program
called FireFamily Plus (FFP) (Main, 1990), managksfne values for precipitation



events, ERC values, and fire occurrence, oftengusical knowledge, to create a “term”
file that can be entered into the RERAP prograrhe program then uses the data to
produce a cumulative probability curve displayinigen the season ending event is likely
to occur. The term file created by the managérgkly subjective, especially in the
selection of ERC values. When the term file is @dathe resulting probability curve
produced by the RERAP program can vary by over&8@ i¢h the same area depending
on the specifics of the information entered (L. thupersonal communication, March
2008). This subjectivity gives a fire managerfileedom to include personal knowledge
in their analysis and may be beneficial for tho$®mwave substantial experience with a
particular district or forest. However, this sudtjeity makes it difficult to compare
results and observe patterns in season endingsbetween areas. It also makes it
virtually impossible to analyze spatial and temptends in these events. To produce a
large scale analysis of trends in season endingtewas important to use quantifiable

parameters to produce these season ending evest dat

2.4 Fire Weather Data

Fire danger assessment indices rely heavily oofisiveather data. Access to real-time

weather data in the remote areas, where fires giyneccur is limited. Remote
Automated Weather Systems (RAWS) were first implet@e in the early 1980’s to fill
the need for current and historical weather realindire-prone areas, although many
replaced already existing manual-observation staticAccording to National Wildfire
Coordinating Group (NWCG) standards, RAWS are ledah remote areas, generally at
mid-slope, southwest aspect sites in order to tetwar-worst case conditions”
(FENWT, 2007). Because weather conditions fluguatimatically in mountainous
terrain, in the case of fire danger assessmesintportant to prepare for the most
extreme fire weather conditions. All RAWS meetig/CG standards measure hourly
wind speed and direction, air temperature, humjgitgcipitation, and solar radiation.
Archived data from RAWS stations generally includesximum and minimum
humidity, temperature, and wind speed, as wellvasage daily temperature and total

precipitation. Hourly observations are archivedup to eighteen months.

10



Fire managers are able to query, summarize, arlgzendaily and historic RAWS
weather observations using the program FireFanlilg BFFP), a Microsoft Windows-
based program that combines fire climatology armioence analysis capabilities into a
single program with a graphical user interface (Breaw and Brittan, 1999) FFP is
compatible only with specific weather data fildak), like those obtained from RAWS,
and is the standard tool used by the fire manageooenmunity for accessing and

analyzing fire weather observations.

2.4.1 Problems with Remote Automated Weather Statits
In October of 2007, The National Wildfire Coordimat Group produced a RAWS Study
Report to assess inefficiencies in the RAWS systamasdetermine future needs of the

program. One major problem expressed in this tepas the need for standardized,
consecutive data for use in historic fire weath&lygsis. (FENWT, 2007) Many RAWS
stations are limited in the amount of historic dht& has been recorded and archived,
making it difficult to compare weather trends betwestations and between seasons.
Many stations are only funded to record data dutlegfire season which can range
anywhere between April and October, leaving marseagéh data sets of varying length
for any given station and season. The lengthadnkefor archived data varies
substantially between RAWS, ranging from one ygatoualmost fifty years.

Another common issue involves problems with dat@igguand accuracy. Data quality
issues are usually caused by poor station maintenandata entry errors. RAWS
require continuous maintenance in order to recoadirate information and while the
NWCG requires maintenance standards for all RAW®énsystem, actual maintenance
varies between stations. Data inaccuracies haeeoaicurred during recording and
archiving processes. Since the early 1980’s,astatare able to download information
automatically through satellites and the Autom&eding Conversion and Distribution
System (ASCADS). These automated systems havdygreduced data recording
issues, but error rates increase in archived daiatp 1980.

Overall, RAWS stations meet NWCG standards for meai@nce and clearly erroneous
data values are uncommon. In my sample of RAWS, dé¢arly inaccurate values

occurred in less than one percent of data, buag still necessary to correct these values
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because they had a strong effect on statisticdysisa While the NWCG recognizes
that there is always room for improvement, accukaayurrent and archived data
obtained from the RAWS system is supported by tWéQG and the fire community as a

whole.

2.4.2 Common Solutions to Incomplete RAWS Data Sets

The most substantial inconvenience with RAWS datdinues to be the lack of
complete datasets, and inconsistent record foviithgal stations. Common solutions
include: altering RAWS data, obtaining data froreststations, and the use of modeled,
gridded weather datasets.

Special Interest Groups (SIGS).The use of Special Interest Groups (SIGS) in

the FFP program is a common procedure used bynergagers to improve RAWS data
length of record. SIGS allow the user to combinia di@m multiple stations into one
data set. A SIG will automatically take an averafjall values for each data field or fill
in missing data when only one value is availabith three or more stations, gaps in
data from one station may be filled in with datanfranother. Although gaps in data
often still occur, an appreciably more completeadst is produced. Given that, a more
notable problem occurs with trying to group stasioiit is important to fill a SIG with
stations from areas with similar weather, but themauch debate regarding how these
weather zones can be determined. The user musiedehether the SIG is based on
elevation, precipitation amounts, daily temperatorgroximity-among many other
potential variables. In addition to the problendefermining weather zones, creating a
SIG also makes it impossible to compare results firedividual stations. In remote,
mountainous terrain weather can fluctuate considgi@er small distances. SIGS tend
to hide these microclimatic tendencies, which camnfiportant in determining fire
weather trends and in turn fire behavior charasties.

Real-Time Weather Data. Another potential solution is to obtain data from

other weather stations in place of RAWS data. Nldgonal Climatic Data Center
(NCDC) for example, is one of the largest activehares of weather data. The NCDC
archives weather data obtained by the National Wée&ervice, Military Services,

Federal Aviation Administration, the Coast Guamal] a@ata from voluntary cooperative
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observers. These data sets are attractive bettaysare generally more complete,
collect observations year-round, and usually hangth of record well over twenty
years. There are, however, two main difficultiagwhese datasets for fire managers.
NCDC weather stations are almost always locateties and military compounds, and
not in remote locations where fire weather inforiorais needed. Also, RAWS stations
are generally placed to record the “worst casea@@hweather, so readings from other
stations tend to be less severe than those medsyRAWS. These “worst case
scenario” readings are important when calculatiregdanger indices, as it is generally
better for fire managers to overestimate fire damgtner than underestimate. Another
problem that arises with other datasets is the &@imwhich they are stored and
downloaded. FFP, as well as most fire modelingyams, requires a specific format for
imported weather data. Data from RAWS has beeeldped to be compatible with this
format, and weather data that can be directly itgabinto fire programs is extremely
important to fire managers.

Gridded Datasets. Gridded weather data sets provide modeled wedttar

across large, continuous areas and can be obtiiorad/arious agencies and
organizations. These data sets are usually fre@ssing data and station measurement
errors. The National Weather Service providesotarigridded data sets for public and
research use. Other datasets result from Daynmthvis a gridded model that produces
weather data for up to eighteen years, and provddgyg climatological data necessary
for plant growth model inputs (Hungerford et ab89). The Parameter-elevation
Regressions on Independents Slopes Model (PRISMpim@ system incorporates point
data, a digital elevation model, and knowledgeashplex climatic extremes (Daly et al.,
1994). Modeled data has the potential to be ligehistorical analysis of fire weather
patterns, although accuracy of models decreasssmplex terrain. In addition to this
decreased accuracy, gridded datasets are notyipuadided in a format that is
compatible with fire analysis programs. One exiogpto this is the gridded data
provided by the Fire Program Analysis (FPA) thatdmee available in October of 2007.
This dataset provides continuous, historical daienfthe North American Regional
Reanalysis (NARR) Dataset from 1979 to the preserd fire-compatible format (Hall
and Brown, 2007).
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3. METHODS
Weather data from seventy-six RAWS were collectedrnalyze precipitation trends in
Idaho and Montana from 1982-2006. Additionally thea data from the NARR were used

to fill in missing records, and Snotel data werecut validate results. Correlation
between RAWS and NARR data was performed to demaieshat NARR was a
reasonable source for completing RAWS datasetsdadh was acquired, cleaned, and
organized using spreadsheet and database appigadiod spatial information was
displayed and analyzed using GIS software. Siedisinalysis was carried out to
determine the magnitude and significance of treadd,to assess spatial autocorrelation of
individual stations. Probability curves were gexted for all stations from primary season
slowing precipitation events (SSE).
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3.1 Data
Weather datasets used for analysis were generailezing historic data acquired from
RAWS and NARR gridded data. Snotel weather statiwese used to validate observed
precipitation trends. Data sources were choseredoas quality, length of record,

representation of the fire environment, and appilids to fire management processes.

3.1.1 Remote Automated Weather Stations (RAWS)RAWS stations were selected as

the primary source for weather data because clyrérgty are the only stations that record
real-time weather observations in remote, fire prameas. In addition, RAWS are the
source used by the fire community for weather ola@ns. Only RAWS stations with
archived data from 1982 or earlier were used ind&halysis. This provided complete
datasets for a large sample of stations at varedegations across Montana and Idaho.
Because many remote weather stations were addecwodhated in the early 1980’s,
including these stations greatly increased the gasipe and provided a longer record with
increased accuracy. Stations selected includetytfwo from ldaho and forty-five from
Montana that represent a variety of locations ar@ouolimate patterns (Table 1, Figure 2).
In the past, RAWS stations have not been standatdiezgarding length of record, or
number of months annually during which data is rded. While standardization is
becoming more common, RAWS data tends to have iptsimrecords for spring and fall
months. Gridded data were used to fill in missiatyes to create comparable datasets.

3.1.2 The North American Regional Reanalysis (NARR) The NARR gridded dataset

was used to fill in incomplete RAWS data becausmitelated well with the RAWS data

and is produced in a compatible format. NARR is aamospheric and land surface
hydrology dataset at a 32-km spatial and 3-houpteal resolution. It is based upon data
from real-time observations including rawinsondascraft, and surface weather stations
combined with gridded data sets (Messinger e8D6). The NARR dataset includes the
Parameter-elevation relationships on IndependegeSI Model (PRISM) which calculates

a climate-elevation regression for gridded siteRISM increases the accuracy of the
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Table 1. List of RAWS stations used for precipitatanalysis including: state of location, station
identification number, name of station, identifioatnumber of NARR gridded data point used to cat®l
RAWS datatset, station elevation, and stationddétand longitude.

STATE RAWS ID RAWS NAME GRIDDED ELEVATION LATITUDE LONGITUDE
ID ft

ID 100101 Bonners 139153 2(32)I.O 48°43'33” 116°17°43"
ID 100204 Priest Lake 139152 2600 48°34°30” 116387
ID 100403 Clarkia 135152 2825 47°01'10” 116°15'28"
ID 100603 Potlatch 133151 2500 46°59°00” 116°59'00”
ID 100708 Kelly 133155 2737 46°40'00” 115°10°00”
ID 100714 Dent 133152 1652 46°40'00” 116°10°00”
ID 101013 Fenn 131153 1638 46°06'00” 115°32'05”
ID 101019 Hells Half Acre 130157 8116 45°38'08” 23406”
ID 101028 Moose Creek 131154 2460 46°07'06” 114°54°'09”
ID 101031 Powell 133155 3409 46°30°00” 114°40°00”
ID 101037 Slate Creek 131153 1568 45°38'06” 116°16°'08”
ID 101108 WeisRV 128152 3900 44°53°29” 116°31'44”
ID 101209 McCall 127152 5025 44°53'24” 116°06°00”
ID 101221 Bearskin 125154 6700 44°2300” 115°30°00”
ID 101303 Indianola 128156 3500 45°23'00” 114°10°00”
ID 101310 Salmon 127158 4960 45°09°00” 113°56°00”
ID 101311 Skull 129157 5100 45°32'00” 114°13'00”
ID 101708 Town Creek 124152 4500 43°56'37” 115°83°0
ID 101801 Bonanza 124155 6376 44°22'02" 114°43'04"
ID 101805 Little Creek 126155 4400 44°30'00” 11488
ID 101809 Stanley RS 124155 6286 44°10'09” 114°55'33"
ID 101812 Horton Peak 123156 8700 43°56'53” 114225
ID 102105 Island Park 124164 6284 44°25'00” 111°23'00”
ID 102301 Moody 121164 7040 43°39°00” 111°34'35"
ID 102601 Boise South 122151 2838 43°34°00” 116°12'03"
ID 102709 Mountain Home 121152 3350 43°01'42” 11812”
ID 102903 North Fork RS 122156 6290 43°47'23" 114°25'15"
ID 103205 Horse Butte 118153 5000 42°25'06” 115082
ID 103703 Crystal 120159 5064 42°59'00” 113°10°00”
ID 104004 Trail Gulch 117157 5600 42°18°00” 11409
ID 104103 Moberg Canyon 118160 6400 42°01'13” 113°0525”
ID 104203 Flint Creek 117160 5200 42°04'45” l120a°
MT 240107 Libby RS 140154 2070 48°24°02" 115°32'03"
MT 240110 Eureka RS 140155 2532 48°54°08” 115°01°06
MT 240112 Troy RS 140145 1950 48°28'30” 115°54'30”
MT 240116 Swede MT LO 139155 4080 48°22°00" 11537
MT 240207 West Glacier 140158 3200 48°30'38” 113°59'39”
MT 240213 Spotted Bear LO 135160 7200 47°54°00” °P6R0"
MT 240214 Spotted Bear RS 138159 3725 47°55'07” 113°31°'04"
MT 240217 Hungry Horse RD 138158 3225 48°22°07" 05"
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MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT
MT

240221
240303
240601
241206
241210
241211
241302
241403
241502
241507
241508
241513
241802
241904
241905
241907
241908
242403
242901
242902
242904
242905
242907
243002
243104
243108
243204
243402
244102
244402
244601
244603
245201
245405
245409
245501

Stillwater
ST Mary
Rocky Boy
Plains
Trout Creek RS
HSPRING
ST Regis
Ronan
Condon
Ninemile
Seeley Lake
Missoula
Gleason
Lincoln
Stonewall
Helena
Rogers MT
South Sawmill
Darby
Deer MT
Stevi
Sula
West Fork
PBURG
Saddle MT
Garrison
Jefferson
Porphyry
Knowlton
Anaconda
Shenango
Hebgen
Fort Howes
Wise River
Brenner
Ennis

138158
140160
137168
136155
136155
136157
135157
136158
135159
135157
135159
133158
136161
133162
134161
132163
134161
134173
132158
129158
132158
129157
130156
131159
134160
132160
129162
132167
131179
131159
128164
125163
128176
130161
126160
127163

3119
4600
3800
2510
2350
2880
2680
3060
3684
3300
4235
3200
5200
4597
8270
3840
6921
3280
3887
7282
3370
4570
4390
5280
6814
4520
4360
8232
3340
6000
5425
6667
3380
5704
6610
4939

48°30'00”
48°44°15”
48°15'18”
47°43'00”
47°52'00”
47°3700”
47°18'39”
47°34°02”
47°28'06”
47°18'39”
47°10'58”
46°49'12"
47°52'04”
46°58'05”
47°02'06”
46°43'07”
46°59'09”
47°33'00"
46°01'37”
46°01°40”
46°30'43”
45°49'03”
45°49'05”
46°19°00”
46°40'48”
46°32'12”
45°52'04”
46°50'16"
46°18'28"
46°06'00”
45°27'34”
44°39'58"
45°17°49”
45°47°00”
44°57°00”
45°21°00"

114°30°00”
113°25'50”
109°47°01”
115°16°00”
115°37°00”
114°40°00”
115°06'35"
114°0508”
113°47°04"
114°24°08”
113°26'50"
114°06°00”
112°40°'05”
112°38'07”
112°42°03"
112°00°06”
112°12°'00”
107e®”
114°10'26"
114°03'19”
114°05'33"
113°57°10”
114°15'47"
113°18'00”
113°00’'30”
112°44°06”
112°07°01"
110°43°05”
105°01'29"
113°06°00"
111°14'38"
111°05'52”
106°09'41"
112°38°0
113°15'00”
111°44°00”
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model in mountainous terrain, making the NARR dettas logical model to pair with
RAWS data. (Daly et al., 1994) In addition, theeAProgram Analysis (FPA) has recently
made the NARR dataset available format compatbIBAWS, and they can be managed

using similar processes.

3.1.3 Snowpack Telemetry Stations (Snotel)Snotel stations are operated and maintained

by the Natural Resources Conservation Service (NR@S the intent of collecting
snowpack and climatic data in the western UnitedteSt Because these stations are
located in remote areas often near RAWS, Snotéloetawere used to validate results
obtained from RAWS data. Snotel have the abilitycollect precipitation in the form of
rain and snow, where RAWS can only collect liqureégipitation. Five Snotel stations
were paired with RAWS at a similar location andvaten to investigate potential
discrepancies in RAWS data caused by snow (Tahle 2)otel stations were selected
based on proximity to RAWS showing large increasedune precipitation. While Snotel
are useful in association with RAWS, they tenddpresent high-elevation sites with the
purpose of representing basin-wide snowpack, aednat solely appropriate for fire

weather needs.

Table 2. List of Snotel stations used for validatincluding: state of location, station
identification number, station name, name of RAVé8qa for validation, elevation of station, and
latitiude and longidtude of static

STATE SNOTEL SNOTEL NAME PAIRED ELEVATION  LATITUDE LONGITUDE

ID RAWS (FT)

MT 13c43s Warm Springs  Anaconda 7800 46°16' -113°10'
MT 11e30s Whiskey Creek Hebgen 6800 44°37' -111°9'
MT 12c13s  Frohner Meadow Garrison 6480 46°26' -112°12'
MT 12c22s Nevada Ridge Rogers MT 7020 46°51' -102°3
MT 13a27s Many Glacier ST Mary 4900 48°48' -113°40'

3.2 Data Validation.
The production of NARR datasets in a format conig@tivith RAWS was a joint effort
between the Desert Research Institute (DRI), aeadMbstern Regional Climate Center

(WRCC) for use in the Fire Program Analysis (FPK).their assessment, NARR datasets
correlate well with those obtained from RAWS famfeerature, precipitation, and relative

humidity values. While the correlation may notdteng enough to entirely replace

19



RAWS data with gridded data, it is sufficient t@la@e missing values to create complete
datasets for long-term evaluation. A similar psgce/as used to assess NARR correlation

with the specific RAWS used in this study, and etation was comparable.

3.2.1 Data Correlation Analysis. In their recent paper, Hall and Brown at the Desert

Research Institute found the correlation betweeif®%and NARR datasets sufficient for
use in climatological or historical analysis, batitoned against attempts to relate the data
to a specific daily fire event (Hall and Brown, 200 In the analysis, 591 RAWS across
the western United States were paired with a gddd&RR point that was closest in

Table 3. Percent confidence in model derivddesfrom proximity. For each station,

Pearson’s correlation for precipitation, relativeridity, and .
temperature from (A) the FPA correlation (Hall @mwn 2007) available RAWS data from 1990-

d (B) the study area. -
and (B) the study area 2004 was compared with a NARR

dataset to assess correlations

Percent Percent
Confidence (A) _ Confidence (B)  petween temperature, relative
Precipitation 60 64 . .
Relative Humidity 75 67 humidity, wind speed, and
Temperature 94 90 precipitation amounts at hourly,

daily, 10-day, and 30-day time
intervals. Average temperature, relative humidatyd precipitation correlated fairly well
between NARR and RAWS datasets (Table 1, A), howeted speed did not, displaying
a Pearson’s correlation of 0.34. The NARR datappears to be a reasonable choice for
replacing missing RAWS data for analysis of higtakprecipitation and relative humidity

trends.

3.2.2 Data Correlation in the Study Area. Similar correlation analysis was conducted for
the seventy-six RAWS used in this study. Each RAWS paired with one gridded

weather point with a primary goal of proximity aselcond, similar elevation. In their
correlation, Hall and Brown only considered proxynbut elevation was considered in
this study due to steep elevation gradients inddaid Montana. Using these goals, all
RAWS were paired with a gridded station within £Q@0of elevation and no further than
thirty miles in distance. Average distance betweained stations was eighteen miles, and

average difference in elevation was + 310 feetnfFthese pairs a stratified random sample
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was taken based on elevation, and twenty-one s&ti@re selected for the analysis. Daily
RAWS data from 1982-2006 was compared with cornedjmg data from each gridded
pair to investigate correlation between the twasdets for daily precipitation, temperature,
and relative humidity. Only dates which contaiedalue for both RAWS and NARR data
were considered in the analysis, and because nfdstRstations are seasonally
operational a majority of the records compared vbetereen May 1 and October 31.
Pearson’s correlations generated from the anabjdlsese twenty-one stations were
similar to results found by Hall and Brown (TableB). Discrepancies between the two
assessments may be due to the difference in sampland sample area. In addition,
RAWS in Idaho and Montana are located in mountasrtetrain, and these large changes
in elevation over short distances are known toehese the accuracy of gridded data. For
the purposes of this study, the datasets produsecoanplete, comparable and

appropriately correlated for historical analysisrafividual RAWS.

3.3 Data Processing

Weather data were accessed from RAWS using theasaDgy Fire Access Software
(KCFast) provided by the U.S. Forest Service. NARRded datasets were obtained from
Fire Program Analysis (FPA) Historical weather ddgdéivery system. All raw datasets
were interfaced and initial queries were performsithg the FFP program. Data were
exported into a spreadsheet for cleaning, and cetegbrecords stored in a database
format. Statistical analysis was performed onlireal datasets, and relevant data were
exported to ArcGIS 9.2 (Environmental Systems Rebeknstitute 1999) for spatial

display and analysis.

3.3.1 RAWS Data Acquisition. Hourly weather information collected by RAWS

are transmitted to a GOES satellite, then retrattsdchio the National Oceanic and
Atmospheric Administration’s (NOAA) National Envinmental Satellite Data and
Information Service (NESDIS) center on WallopsislaVA. From there, the data are
again retransmitted via a Domestic Satellite (DOM$# Boise, ID, where the
information is processed by the BLM’s Automatic gy, Conversion, and Distribution
System (ASCADS). From ASCADS, data are forwardethé Forest Service database,
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WIMS; to the Western Regional Climate Center (WRQG}he Boise National Weather
Service; and to the Wildland Fire Management Infation System (WFMI)
(Zachariassen, et al., 2003). Data was retriekatl the Forest Service database through
KCFast, a major long-term archive of RAWS obsenvati Data was obtained in the

1972 format that contains all of the recorded 13v@@ther observations for the entire
period of record. For each station, the 1972 foanveather observations were

downloaded as an .fwx file with an accompanyingd i that contains station metdata.

3.3.2 NARR Data Acquisition. Historical NARR gridded data were obtained from the

Fire Program Analysis (FPA) Historical weather ddgéivery system. The FPA is an
interagency organization with the purpose of prongdire managers with a common
interagency process for fire management plannimigbamlgeting to develop and evaluate
the effectiveness of alternative fire managemeatesgies through time. The NARR data
are provided in a 32 km grid, and are downloadeauigh the FPA website. Datasets can
be chosen by entering the latitude and longitude @edrticular site, or a particular RAWS
station can be entered by name or identificatiamiver. The interface site will then
return a dataset from the gridded point that isedb to the entered location. Elevations
of gridded points, used for pairing with RAWS, welerived in ArcGIS 9.2 using a 30
meter digital elevation model (DEM) for Idaho andiana. Datasets were extracted
from the FPA website using the latitude and lordgtéor each selected site. Daily
weather observations are provided from 1979 togmteis an .fwx format, but no metdata

file is included.

3.3.3 Data Interface. All RAWS and NARR weather files were entered irtte £FP
program. NARR data do not have a metadata fileghgsically describes the location

for which the weather data is modeled. Metadatmfeach paired RAWS was used for
individual NARR datasets with the exception of NARIRe elevation, which was
manually entered using elevations derived fromDEM. SIGS were created in FFP
using a data set from each of the seventy-six iddat RAWS stations throughout Idaho
and Montana combined with the paired, NARR data Bgtweighting the RAWS data to
99% and the NARR data to 1% within each SIG, mg&AWS data were filled with
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gridded NARR data and the near-original valuehefRAWS observations were
maintained. Fields containing both RAWS data alNA®R value, were automatically
recorded as an average of the two values, weighmAWS value to 99% of this
average. If a field contained only a NARR valud an RAWS data, the NARR value
would be retained in the dataset. This methodywwed complete, individual, and
comparable datasets for the purposes of this stUidyng built-in query functions in FFP,
text files were extracted from each SIG contairdady precipitation total, maximum
and minimum relative humidity, and maximum and miam temperature. All resulting

text files were imported into Microsoft Excel fdeaning and basic statistical analysis.

3.3.4 Data Cleaning.FFP is limiting in the queries and processes abiglto the user,

and for the purposes of this study a new databasecveated. Because datasets cannot
be altered in FFP, all files were exported to &agsheet for cleaning prior to database
import. To clean data, all weather values thatevadrove or below the record historical

Table 4. Parameters of daily weather records rexhdnom datasets and range in Idaho and

percent of the total data removed during cleanifjremoved values were

replaced with a “no data” flag. Montana dunng the past

100 years, as recorded by

Values Removed Percent of Total Data

Daily Precipitation > 115 in. 0.03% the Western Regional
Maximum Daily Temperature >118°F >0.01% .

Minimum Daily Temperature N/A N/A Climate Center (WRCCQC),
Maximum Relative Humidity >100% >0.01%

Minimum Relative Humidity <2% 0.09% were changed to a “no

data” value. The WRCC
obtained historical weather extremes from a contlonaf sources including Snotel
Stations, RAWS, the National Weather Service Autim&urface Observing System,
and cooperative observers. Clearly inaccurate atataunted for only 0.03% of the
precipitation data, 0.1% of the relative humidigtal and less than .01% of the
temperature data (Table 3). Although it accoumbec small percentage, inaccurate data
was removed because of its potential to alter tearadysis. Data were queried to create
tables containing monthly precipitation totals kéay to October from each station for
the entire period of record. Bi-weekly precipitatitotals were extracted for the month of

June.
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3.3.5 SSE ProcessingThis research is primarily concerned with objesticomparable

changes in precipitation patterns and precipitagiome will be used for the analysis of
the “season ending event”. Instead of considethigya “season ending event” | will
look at the primary season slowing precipitatiorrgy hereafter referred to as season
slowing event (SSE). SSE values were extracted fhe database by querying the first
precipitation event of 0.5 inches or greater ovBverday period that occurred after
August 11 each year. The date of August 11 waserhbecause a single-day negative
maximum temperature singularity exists for the 1Awgust (Soule', 2007), and major
precipitation events near and after this date hlaggotential to impact the end of fire
season. A single date chosen for each statiomaith year during the 25 year period,

was entered into the datatset for analysis.

3.3.6 GIS Processing Spatial information, analysis, and display was cletea using

the ArcGIS 9.2 program (Environmental Systems Rebeastitute 1999). Base layer
inputs included a 30 m resolution DEM for Idaho &mohtana, and a projected shapefile
of state perimeters. All base layers were inptih\&iprojected coordinate system using
North American 1983 datum, and subsequent layers based on a geographic
coordinate system of latitude and longitude usin@3\1984 datum. GIS was used in
determining elevations of gridded data sites f@ ingpairing with RAWS, to execute
spatial analysis statistics, and for visual disgayesults.

3.4 Statistical Analysis.

Precipitation data were analyzed for temporal tsamglng a least squares linear
regression. The linear regression model was wsddtermine the magnitude of trends,
and the statistical significance of these trends assessed using the Kendall-Tau test.
The Weibull probability distribution was used tangeate probability curves for the
occurrence of SSE at each station. Moran’s | veasl tio test for spatial autocorrelation
of trends between RAWS.

3.4.1 Linear Regression.A least square regression line was fit to varicaseats of

precipitation including monthly and biweekly totalsd SSE dates, as a function of time

24



in order to determine direction and magnitude endis. Regression statistics were used
to evaluate trends in monthly precipitation, bi-kigeprecipitation, and the SSE over
time. The sum of squares was calculated usingtiequa (Kenney and Keeping, 1962;
Ott and Longnecker, 2001).

= (

Magnitudes of trends during the period of recordenealculated using the slope and
intercept of each linear trend (Suppiah and Hennd$98). Linear models were used to
determine trend magnitude; however significanceesfds was determined using a non-

parametric correlation model (Yu and Neil, 1993).

3.4.2 Non-Parametric Correlation The Mann-Kendall statistical test (Mann, 1945;

Kendall, 1975) is based on the correlation betwiberranks of a time series and their
time order. The test statistic depends on thesaflobservations, instead of their actual
values, making it more robust as a statistical mmeawhen data has a skewed
distribution. Although the Mann-Kendall is not eely unaffected by highly skewed
distributions, it is sufficient for trend detectionhydrologic time series. (Yue et al.,
2002).

The Mann-Kendall test is based on the test statgtefined as follows:

(@)

Where the xare the sequential data values, n is the lengtheoflata set, and

! (3)

The standardized test statistic Z is computed by
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o | (4)

Values for S range from -1 (a strong decreasingiyéo 1 (a strong increasing trend).

Values approaching 0 indicate no trend. Tests appdied at a significance level of 0.05

3.4.3 Probability of Season Slowing Precipitation ¥ents. The Wiebull distribution

parameters were used to generate a probabilitylaition of the occurrence of an SSE at
the end of the season. Because the SSE can \eatfygin time from season to season,
probability curves are used to calculate the chah@SSE occurring on any particular
date, after the chosen starting date (Latham anldeRoel, 1993). Following the method
produced by Latham and Rothermel, the intervalaylscbetween July 1, and the
occurrence of the SSE after August 11, were recbate ranked from shortest to longest
interval. The beginning date (July 1) is arbitrand can be shifted to produce the best fit
for the following regression. The rank and themal were fit to a least squares
regression line, and the parameters of the Wedistfibution were determined from the

least squares coefficients as follows.
/ 012 3—4 (5)

Where
5 67 8 (6)

9 12 : (7)
In these equations (5,6), n is the ranks (1,27) and the d is the corresponding days
until a precipitation event (d(1), d(2),. . .d(n))hen the line obtained from a least
squares fit to X(i), Y(i) is:
< (8)
The parameters of the Weibull distribution are ghted from the least squares
coefficients, a and b. The probability densitydtion, f(.), for the Weibull distribution
is:
4 ?2@ ACZ EFGHACI (9)
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Where=J s the elapsed waiting time and , @ are parameters of the
distribution. The parameter < , the slope of the least squares line above, and th
paramete@ EFG KM. . The cumulative distribution, F(.), is then fouinoim:

F®?@ EFGH AZCI (10)

The resulting distribution provides the percentataility that a SSE will occur on or
before the corresponding date (Figure 3). Prohwliistributions were generated for all
stations using daily precipitation data for theipeiof record.

Probability of Occurence of SSE for Missoula RAWS

e
pd
__—

A® o it ol° ol o oY

Figure 3. Cumulative probability for the first ageence of a precipitation event
producing 0.5 inches of precipitation in 5 day$ess after August 11, at the Missoula
RAWS (241543) on the Lolo National Forest in westtcal Montana. Probability curves
were generated for all 76 RAWS in the study aréagugrecipitation data from 1982-2006.

3.4.4 Spatial Autocorrelation Moran’s |, a global measure of spatial autocaitreh,

was used to determine clustering of stations withlar trends. Spatial autocorrelation
has been used to indicate microclimate patterngegidnal variability in weather trends
related to precipitation (Chang and Kwon, 2007) &0s | is calculated from the
following formula (Moran, 1950).

27



R R
st+ v+ PP PP

R R R
ST+ P P Q S*+ V*+ U

O

(11)

Where Pi and Pj refer to the trend in station i stadion j, respectivelyWis the overall
mean of the trend of interest. Wij is a matrispétial weights, in this case based on
inverse Euclidian distance. Analysis was performgidg spatial analysis software
developed by ArcGiS 9.2 (Environmental Systems BReselnstitute, 1999). The
program produces a Local Moran’s | index value Wwhignges from -1(indicating perfect
dispersion) to +1(perfect correlation). For stata hypothesis testing, it also produces a
Z-score which indicates significance at the 95%fidemce level.
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4. RESULTS

Precipitation trends were investigated using dadial precipitation from June to
October 1982-2006 for seventy-six RAWS, correspogdjenerally to a summer fire
season. Results are grouped into three primaegodes: season start, core fire season,
and season end. Season start includes analydismiefmonthly and biweekly
precipitation, and similarly end of season analysifudes October precipitation and
evaluation of primary season slowing precipitagments (SSE). In Idaho and Montana,
the core fire season which includes July, August @eptember, displays a widespread
decrease in precipitation. Season start and seagbare more variable with regard to
precipitation trends, although June precipitat®generally increasing and SSE are
occurring later in the year. Precipitation trendsevdetermined using simple, least
squares linear regression, and each was teststyfoficance using the Kendall tau rank
correlation coefficient. Spatial autocorrelatioasrassessed using Moran’s | to

investigate clustering of significant trends, adlas clusters of similar trend magnitude.
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4.1 Raws Summer Precipitation Normals

June to October precipitation varies considerataynfstation to station in Idaho and

Distribution of RAWS Elevations

25
20
15
10

(&)]

Montana, ranging from an average
of 2.57 inches at Mountain Home,
ID to 11.98 inches at West Glacier,
MT (Figure 4). In general,

P I S PO I

Elevation

Figure 5. Distribution of elevations of 76 RAWSthe study

precipitation increases with
elevation and latitude, with

northwestern Montana receiving the

highest precipitation amounts, and southern Idakeiving the lowest. Southern Idaho

displays fairly uniform precipitation, while westratral Montana, and central and

northern Idaho are highly variable due to steepatien gradients (Figure 5).
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4.2 Core Fire Season Precipitation

Trends (July- Septembe). Core fire season

Indianola (101303)- August Precipitation
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Ennis (245501)- September Precipitation
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Figures 9,10,11. Least squares regression liregl fib total
monthly precipitation from RAWS for (9) July atdsid Park,
(10) August at Indianola, and (11) September ai€nn

displaying trends of -2.33 in., -1.89 in., and4lin.

showed trends of decreasing precipitation at
95% of stations, indicating that these months
are becoming dryer (Figures 6, 7, 8). Overall,
July precipitation displayed the largest,
significant decreases in precipitation with an
extreme of -2.33 inches at Island Park near
West Yellowstone in Eastern Idaho (Figure 9),
and an average precipitation decrease of -0.87
inches across all stations. Although not all
trends were statistically significant, July
trends displayed the largest number of
significant trends. Magnitudes of trends and
significance were reduced for August and
September, respectively. The largest,

significant trend decrease for
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August was at Indianola, on the Salmon River, shgvei decrease in precipitation of -
1.86 inches (Figure 10), with an average decreasallfstations of -0.56 inches. For
September, a significant decrease of -1.09 inclassfaund at Ennis in southwestern

Montana (Figure 11), with an average precipitatienrease of -0.77 inches.

4.2.1 July Precipitation.July precipitation decreased for all seventy-satishs, with

magnitudes ranging from -0.04 in. to -2.33 in. (Fgy6). Declines in precipitation are
significant at the 95% confidence level for 22 istas (28%) based on Kendall's Weak
spatial autocorrelation for significant precipitatitrends was found for stations in central
Idaho near the town of McCall (Moran’s | = 0.04@0). Autocorrelation for trend
magnitude was found at 5 stations on the bord&tasftana, west of Anaconda (Moran’s

| =0.10 to .28).

4.2.2 August Precipitation August precipitation data showed a decreasing tfend

seventy-two stations (95%) with magnitudes randiom -0.08 in. to -1.89 in., and
results of the Kendall’'s showed significance at the 95% confidence lewelD of

these stations. Four stations displayed incregsiagpitation trends with magnitudes
ranging from 0.02 in. to 0.45 in. (Figure 7), with statistical significance. Weak spatial
autocorrelation for significant precipitation treswdas found for three stations on the
border of Idaho and Montana near Salmon, ID (Ma@dn’0.07 to 0.16), adjacent to the
significant cluster noted in July. Weak autocatiein was found for decreasing trend

magnitude for 10 stations in west central Montaviaré@n’s | = 0.08 to 0.29).

4.2.3 September Precipitation September precipitation decreased for seventy-fou

stations (97%) with magnitudes ranging from -010.4d -2.29 in., with 3 of these
stations (4%) showing significance at the 95% |léoeKendall’'s . Two stations
displayed weak, increasing trends with magnitudés@® and 0.17, with no statistical
significance (Figure 8). September stations shawgedpatial autocorrelation for

significant trends, or trend magnitudes.
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4.3 Season Start: June Precipitation

In the Northern Rockies, June is a transition mooften marking the end of spring rains
and the beginning of the summer drying periodcdnsideration of this transition, June
precipitation was investigated on both a monthlg biweekly scale. In June, more than
half of the stations displayed increasing precitatrends, with the majority of this
increase occurring in the first two weeks (Figut2s13). Compared to stations with
decreasing precipitation, the increasing trendewseabstantially stronger and many were
also statistically significant. The greatest is@s in precipitation occurred at stations
along the Front Range of Montana, eastern Montaméjn west central Montana near

Anaconda.

4.3.1 Total June Precipitation Trends in June precipitation were spatially

variable. Decreasing precipitation was observeatigi/-four stations (45%) with
magnitudes ranging from -0.005 in. to - 0.94 ind @o statistical significance. Forty-two
stations (55%) displayed increasing precipitat@mging from 0.02 in. to 2.55 in. (Figure
12), and seven of these stations exhibited sigmfte for Kendall's at the 95%
confidence level. These seven stations, centeethd Anaconda, MT also displayed
weak, significance for spatial autocorrelation.irfyhthree of the forty-two stations with
increasing precipitation are located in Montanaze®éeen of these stations, located on
the front range and around Anaconda, show weakottenate spatial autocorrelation for
trend magnitude (Moran’s | = 0.03 to 0.34). Cowsety, twenty-three of the thirty-four
stations with decreasing precipitation trends acatied throughout Idaho, and 12 of
these, centered primarily around McCall, show weatiocorrelation for trend magnitude
(Moran’s | = 0.05 to 0.15). Data from these sataéians also displayed autocorrelation

for significant decreasing trends in the July pvéation results.

4.3.2 June Precipitation: Biweekly In the first half of June, precipitation at a

majority of stations is increasing, in contrastite second half of June. Fifty-two
stations (68%) displayed increasing precipitatianrdy this period ranging from 0.01 in.
to 2.6 in. (Figure 13). Twenty-two of the incraagirends are significant for Kendall’'s
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with nineteen of these significant stations showirggak to moderate autocorrelation
(Moran’s | = 0.20 to 0.48). Similar to the resutisind in total June precipitation
datasets, Forty-one of the fifty-two stations ttiaplayed increasing precipitation were
again located in Montana, and seventeen statiomseshweak to moderate
autocorrelation for increasing trend magnitude (dds | = 0.02 to 0.40). Datasets
attained from stations for the initial two-week ipérin June displayed a decreasing trend
for twenty-four stations (32%) with magnitudes risuggfrom -0.02 in. to -0.82 in., and
only one station presenting significance for Kefislal Twenty-one of the twenty-four
stations displaying decreasing precipitation tremdee again located in Idaho, with a
more concentrated location to the south and eadtiharteen of these, around Stanley,
Idaho showing weak autocorrelation for decreasiegd magnitude (Moran’s | = 0.04 to
0.26). In contrast, there is no apparent trentiénsecond half of June, with many of the
stations that had previously displayed strong iasireg precipitation during the first two
weeks of June showing slightly decreasing predipitaduring the second two week
period (Figure 14). The forty-eight stations (63&th decreasing trends in the second
half of June ranged from -0.01 in. to -0.96 inthano significance for Kendall'sor
autocorrelation. The twenty-eight stations (37%hwncreasing precipitation trends in
late June ranged from 0.01 in. to 0.61 in., and al®wed no significance for trend

magnitude or spatial autocorrelation.

4.4 Season End: October Precipitation and SSE

October loosely signals an end to the summer &asan in the Northern Rockies,

excepting the grasslands of Eastern Montana anth&wuldaho. As in June, October
tends to be a transition month, and precipitattends during this month can affect the
length of fire season. In general, October preaijfmh displayed increasing precipitation
at many stations, with smaller trends and lessfgignce than in June (Figure 15).
Again, a pattern of autocorrelation for increagamgcipitation was displayed in stations
near Anaconda, MT., and decreasing precipitatiostations located in central Idaho.
Because season slowing events (SSE) are also hilpfiefining the end of fire season,
SSE data was investigated for a trend increaseaedse (in days) that could signal a

change in the length of fire season (Figure 16)addition, a cumulative probability
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curve representing occurrence of the SSE was gewlei@ each station using the annual
SSE date for the period of record. Th& @@rcentile date for each station was extracted,
and dates ranged from the beginning of Septemhetend of November, with the
majority centered at the beginning of October (FégLi7) 98' percentile dates were
compared to identify areas displaying similar ppéetion patterns at the end of the

season (Figure 18).

4.4.1 October Precipitation In October, precipitation decreased at twenty-fou

(32%) stations, with magnitudes ranging from -Gr23o -1.32 in. None of the
decreasing trends showed statistical significanc&éndall’s ; however, stations in
central Idaho, near McCall, displayed weak to matiesignificance in autocorrelation
for decreasing trend magnitude (Moran’s | = 0.09.@8). Interestingly, this pattern of
autocorrelation for decreasing precipitation wasilsir to that displayed in central Idaho
stations in June and July monthly precipitatioffityFRiwo stations (68%) displayed
increasing precipitation with magnitudes rangirgnir0.01 in. to 1.80 in. (Figure 15).
Trends at five of these stations were significantéendall’s , although they showed no
significant autocorrelation. Similar to June ppéEition trends, thirty-five of the fifty-
two stations displaying increasing precipitatiorreviocated in Montana; however there

was no autocorrelation between trend magnitudes.

4.4.2 Primary Season Slowing Precipitation EventThe SSE at seventy

stations (92%) is occurring later over
90th Percentile Date for Probability of SSE,

. 1982-2006 the twenty-five year period,

20 representing an increase in the
15

10 overall length of fire season. The

# of stations

magnitude of change at these

9/3 913 9724 10/5 10/16 1026 11/6 11/17 1128 Stations ranged from one day to

Date fifty-four days, with nineteen

Figure 17. Distribution of $percentile dates obtained from Stations showing significance by

probability curves generated for season slowingesvSSE) ,
for 76 RAWS in the study area. Kendall's . Fourteen of the

nineteen significant stations were
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grouped in western Montana with seven stationsratddissoula, MT showing weak,
spatial autocorrelation (Moran’s | = 0.15 to 0.28)x stations, spread throughout Idaho
and Montana, displayed a decrease in days rangng{l.7 days to -8 days,
representing a decrease in overall length of Basen (Figure 16), and trends from these
stations were not significant for magnitude or aoteelation. The 90percentile date

for occurrence of a SSE was extracted for eaclostand ranged from September 3 to
November 28, with an average date of October 2u(€ig 7). Stations with significant
autocorrelation for similar SSE dates were locatedontana near Anaconda, and along
the Front Range (Moran’s | = 0.05 to 0.23); andentral Idaho (Moran’s | = 0.03 to
0.30) similar to those stations that were spatisiliyificant for decreasing precipitation

trends in June, July, and October (Figure 18).
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5. DISCUSSION

Changes in precipitation observed in this studyehthe potential to alter fire activity in

Idaho and Montana, and evidence of changes magnbegeng. Potential data issues
were investigated to assess the validity of tregrdsgluced in this study, and trends were
considered for their ability to represent futureqpitation. Potential effects of
precipitation changes on fire activity in the studga were taken into account, and
correlations with current research noted. Managrtmneplications of results were
considered as well as fire weather data.
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5.1 Core Fire Season Precipitation

The results of precipitation analysis show sigmificdrying over the past twenty-five
years inJuly, August, and September. While not all treaisstatistically significant,
almost all stations displayed downward trends aitraverage, monthly precipitation
decrease of -0.87 in. (67% decrease), -0.56 ifo(d&crease), and -0.77 in. (57%
decrease) during July, August, and September régplyc While the amount and
frequency of precipitation has an effect on thgdiency, size, and intensity of fires, the
relationship between wildland fire, climate, andlfuis complex (Dale and Joyce 2001,
Shoennagel et al., 2004). Decreased fire seasmipfiation may increase fire activity in
the Northern Rockies, although increases in fiteség will differ depending on fuel

type, elevation, moisture, and fire regime. Wiiicult to extrapolate long-term trends
from a twenty-five year analysis, but the decreag@ecipitation during this period of
record alone is considerable given the aridnesseonterior West. It is possible that the
trends signal long term change in the climate,tistimportant to consider the effects of
global variation in the atmosphere and short-temoch @ecadal oscillations that may
produce changes in local weather.

5.2 June and October Precipitation

Perhaps the most striking aspect of the beginnmmuigead of season data, is the large
increase in precipitation observed at many statidirends in June and October were
similar, although June displayed statistically ffigant trends, and with larger
magnitude. June precipitation has increased tgvarage of 1.05 in. (47% increase),
with most of this occurring in the first two weessJune where stations displayed an
average precipitation increase of 0.95 in. (75%ease). In October, average
precipitation increased by 0.54 in. (34% increasa})) similar spatial patterns to those in
June. These trends are most likely the resultatfaamge in local weather patterns
(Bauck, 2009), and it is difficult to speculate aedjng the longevity or permanence of
these changes. While increased spring precipitatiay reduce fire severity at higher
elevations in Idaho and Montana, it could actualtrease severity in low elevation fuel

types comprised of grass or grass understory.rdssguel types, a wet spring increases
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grass production which, in turn increases fuel $oatien grass dries out and cures
(Young et al., 1987).

5.3 Season End
It appears that fire season in Idaho and Montasdeéined by RAWS-based SSE

probabilities, is getting longer. Precipitatioreats at the end of the fire season that often
bring a close to the fire season have increasethtaverage of 15.5 days in the past
twenty-five years. In their analysis of a comprediee database of large fires in the

west, Westerling et. al found that the date ofiéisé reported wildfire ignition increased

by an average of fifteen days between 1980 and pd@3terling et al., 2006). This
change in fire activity would be expected to accampan increase in the length of fire
season. A later end to the season expands thehtah&iels will continue to actively

burn and the availability of fuels to support nexe starts.

5.4 Precipitation as Snow

One concern regarding increased precipitation me &nd October is that observed trends
are due to increases in snow falling as rain, rathen actual increases in total
precipitation. Recent increases in global tenmpeeshave resulted in more precipitation
falling as rain instead of snow in some areas (Keswt al., 2006). An increase in rain
at the expense of snow would be particularly natide at low elevations in the Pacific
Northwest where winter temperatures hover clogbddreezing point, and where small
interannual variations in temperature could subsetiythave a dramatic effect on
precipitation form (Regonda et al., 2004).

Most RAWS do not have the capacity to accurateliecbprecipitation in the
form of snow. Although suppliers provide heatgupitng buckets for this purpose,
RAWS are often too remote to provide the neededepamputs to run heaters. In
addition, data from RAWS are mainly utilized durithg summer fire season when snow
is not an issue. Therefore, it it possible thaVR&could show large trend increases in
precipitation over the past twenty-five years thetually represent a shift in the amount

of precipitation falling as rain. After furtheniastigation, this appears not to be the case,
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and the observed trends appear to represent r@adjek in total precipitation. Two
pieces of evidence support this claim. First, eneld expect to see elevational trends in
the data with cold, high elevation sites showin@ken increases in precipitation than
lower elevation sites with temperatures close &ftbezing point. June and October data
displayed a spatial trend, but no trend in elevatias observed. Second, five of the
RAWS displaying large precipitation increases inelwere compared with June
precipitation data from Snowpack Telemetry Stati(®rsotel) with similar location and
elevation (Figures 19-23). Snotel stations colédeseason precipitation via a pressure-
sensing snow pillow and storage precipitation gau@éhe precipitation increases
observed by RAWS were caused by an increase of fadbmg as rain, a discrepancy
between the results of the two stations would lpeeted that would increase over the
period of record as RAWS began to register appanergases in precipitation data
relative to Snotel precipitation. This was notetved in any of the five comparisons,
suggesting that the trends observed at RAWS sttidth increasing precipitation in
June and October are due to an actual increasetalrprecipitation over the twenty-five

year period.

5.5 Precipitation, Climate, and Weather Patterns

In the past twenty-five years fire season predipitehas been changing in Idaho and
Montana, and these changes may be linked to ftreitgdn parts of the Northern
Rockies. The future of these trends could havemajplications for impending fire
activity in the area, but it is difficult to extralate long-term trends from a twenty-five
year record. Through consultation with the Natiovaather Service in Missoula, MT,
climatology and weather patterns were considerentder to assess the potential
longevity of these trends. While the possibiliffang-term climate change remains,
short-term, regional weather can be dominated bl lveather patterns, large-scale

fluctuations in sea surface temperature, and vanan the atmosphere.
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Figures 19-23 Comparison of June monthly precipitation to{d882-2006) from
paired RAWS and Snotel stations. All stations weocated in western Montana, each
pair of stations matched by location (latitude &ndjitude) and elevation.
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5.5.1 Local Weather Patterns.RAWS on the Front Range of Montana, and in west

central Montana show statistically significant tierof increasing precipitation in June,
while stations in Idaho generally depict weak tiefal decreasing precipitation. This
appears to be the result of increased moisture #@mmon low pressure system that
sets up over eastern Montana and is responsibberwajority of precipitation in western
Montana during the Spring and Fall (B. Bauck, peas@ommunication, May 2009).
Counter-clockwise movement of air around the loasgure center sends upslope
moisture into the Front Range, and central moustafrMontana resulting in large
amounts of precipitation. As air continues arothwllow, it is forced downslope into
southern and eastern Idaho where precipitatiorstemdissipate with adiabatic drying. It
is also important to note that the northern Fraamd® of Montana experienced three
significant rain events in the beginning of Junemythe later half of the evaluated time
period. In 48 hours rain accumulations reachedeglénches, seven inches, and five
inches in 1995, 2005, and 2006 respectively (Nativvieather Service, 2009). These
three large events occuring late in the periodnalysis may be responsible for much of
the observed increases in monthly precipitation.

5.5.2 Synoptic Scale Weather Patterns.In contrast to the June and October

precipitation patterns, core fire season is thaltes larger, synoptic scale weather
patterns. In general, the moisture that createsyser thunderstorms in Idaho and
Montana originates in the Gulf of Mexico, or mostranonly, in the subtropics of the
Pacific Ocean (B. Bauck, personal communicationy #@09). As Pacific moisture
moves through California, it is redirected by athpyessure area, commonly known as
the “four corners high. ” Air moving clockwise amd this high pressure area redirects
moisture into Idaho and across Montana (Whiter2@00). Changes in global
atmospheric and oceanic circulation patterns caipoearily alter sites where moisture
originates, effectively increasing or decreasingcppitation over land. Additionally,
even subtle changes in the strength, position pansistence of the “four corners high”
can affect local precipitation. While the posgiplemains that observed trends are the
result of regional redistribution of precipitatiassociated with anthropogenic climate

change, these trends may also be the result of thege scale variations in atmosphere
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and sea surface temperature, specifically the &BbMiouthern Oscillation (ENSO) and
the Pacific Decadal Oscillation (PDO) (Hamlet ef 2005).

Pacific Decadal Oscillation (PDQO).During the 1976-77 winter season, an

abrupt decadal oscillation occurred over the N&kific Ocean, bringing warmer
temperatures, diminished precipitation, and redwstezhmflow to western North
America (Hurrell and Van Loon, 1997; Miller et,d994). This major shift in the
regimes of the North Pacific caused regional piatipn anomalies across the western
United States (Cayan et al., 1998), and may exphardrying trends observed in the
Northern Rockies.

El Nino Southern Oscillation (ENSO). During the period of record for this

study, the ENSO has experienced frequent and strang episodes (El Nino)
(Trenberth and Hoar, 1996). Although ENSO tendsatee a more significant effect on
winter precipitation in western North America, aidied pattern of opposite association
is observed during the warm phase, such that théhwsest tends to be wet and the
Northwest dry (Cayan et al., 1999). In their 2@Délysis of trends in peak Spring
streamflow over the past 50 years in the westeritedStates, Regonda et. al (2004)
found noted strong decreases in the last twentgyyfears. They attributed them to an
out-of-phase relationship over the northwesternsmdhwestern U.S., caused by the
ENSO (Regonda et al., 2004). Recent ENSO patteomsbined with the oscillations of
the PDO could be responsible for decreases infeerseason precipitation. If these
precipitation trends observed over the past twéing/years in the Northern Rockies are
the result of decadal oscillations, they may reotdépresentative of future, long-term

trends.

5.6 Spatial Patterns

There are a number of ways to assess spatial paiteriuding autocorrelation, cluster
anlysis, and interpolation. In this study, spati@pendency of stations was assessed
using autocorrelation to identify potential sub+ogg with similar precipitation patterns.
Co-variance was evaluated based on trend direatidrmagnitude, as well as trend
significance. Analysis of spatial autocorrelatiwas accomplished using the local

Moran’s | function imbedded in the ArcMap prograapplying inverse Euclidian
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distance to weight stations. Results from Morami®re generally weak (0.04-0.38),
however spatial clusters corresponded with and nstateding of local weather patterns
and topography. For example the cluster of caiedlatations in June along the front
range of Montana reflects a common low pressuresyghat typically occurs over
eastern Montana in the spring. Stations alondrtre range of Montana, and in west
central Montana displayed similar trends and sigaifce for increasing precipitation in
June and decreasing precipitation in July and Auglikese stations also showed similar
increases in number of days until occurrence os#ason slowing event, and
corresponding 90percentile dates. Stations in south-central Idabotered around the
town of Stanley, displayed similar trends for desiag precipitation in June, July, and
August. These stations also displayed correlddomcreasing season slowing event
date, and similar 9percentile dates. A small grouping of stationghenborder of

Idaho and Montana near the town of Salmon, displayperelation for strong decreasing
precipitation in August and strong increasing temdseason slowing event dates. One
of these stations, Indianola, displayed a trendemse of 54 days until occurrence of the
season slowing event. Results from stations nalan@, ID were different from
proximal stations, and it appears that this areadee closely linked to weather patterns
in southern Idaho, than to weather in the Bittefdational Forest to the north. The
extent to which station density affected autocatreh results is not clear, because the
RAWS used are not densely or evenly distributedsscthe study area. However, the
potential for spatial analysis to reaveal microeimpatterns and to interpolate zones of
similar weather patterns has practical applicatfonslisplaying results, and for fire

decision support.

5.7 Implications for Wildfire Activity in the Nort hern Rockies

It is probable that sustained decreases in sumreeiptation will increase fire activity
in Idaho and Montana, and some areas may alreadyg®riencing the results of drying.
Dryer conditions will affect fuels differentiallyeghending on moisture, elevation, fuel
type, and fire regime and as a result, some fysggynay display increased fire severity
as compared to others. For example, cold and radepted, high elevation forests may

be more effected by drying than low elevation fts¢kat are already adapted to fairly
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dry conditions. Similarly, while increased Junegipitation may delay or decrease fire
activity, it could also enhance fire activity ighit, low elevation fuels by increasing
production of herbaceous vegetation. The fire mmmnent is dynamic and changes in
precipitation will resonate, making it difficult wonsider all potential outcomes. Limited
summer moisture may reduce lightning, which in tcoald reduce fire activity by
decreasing fire starts. On the other hand, a dsere major rain events at the end of the
fire season would increase the length of time fines may burn. It is difficult to
determine which aspects in the fire environment dominate outcomes that result from

changing precipiation, but it is important to calesithese pieces independently.

5.7.1 Decreased Summer Precipitationln their 2006 temporal analysis of large

wildfires (>988 ac), Westerling et. al found sulpsia evidence that the incidence of
large fires in the Northern Rockies increased enrthid-1980’s. In their analysis of
forested areas in the western U.S., the Northerkies accounted for 60% of the total
increase in the frequency of large fires (Westgréhal., 2006). This increase in wildfire
activity was attributed to earlier spring snowmattid increased summer temperatures.
Both of these conditions have the potential toaase fire activity, but the primary cause
may simply be that core fire season is getting drye addition, Westerling et al. noted
that the greatest increase in wildfire activityttie Northern Rockies had occurred
between approximately 5,000 ft. to 8,500 ft elematiwith a center at 6,700 ft. elevation.
This sub-region corresponds with the high elevatovasts of Idaho and Montana
typically characterized by mixed and high-seveifiity regimes, that are particularly
susceptible to decreases in precipitation. lkisly that an increase in fire activity in
these high elevation forests is the result of iaseel temperature and decreased
precipitation combined with fuels that are hightiapted to cool, moist conditions.
Because these subalpine forests are highly adépégdare not resilient to change, and
decreases in precipitation can excessively defielenoistures and increase burn extent
and severity (Bessie and Johnson, 1995). Althdugih elevation fuel types have the
potential to be greatly effected by decreased pitation, all fuel types and fire regimes

could be altered to some extent.
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Fuels. In general, forests in the Northern Rockieslmamgrouped into four basic
species zones: dry montane, moist montane, lowslgime, and upper subalpine (Agee,
1993; Arno, 1979). Forest types in the NorthHeatkies are commonly related to
elevation and moisture. In the dry montane zoredeatations between 3200 ft-5500 ft,
tree species are dominated by ponderosa pine, Bedigl and some western larch.
These forests are typically warm and dry compapdtidse at higher elevations. In the
moist montane zone, increased moisture in areaewhtion between 3000 ft-7000 ft
allow ponderosa pine forest species to grow alalegdouglas fir, grand fir, western red
cedar, western hemlock, and Englemann spruce.,0805t to 7,000 ft elevation, in the
lower subalpine zone, Subalpine fir and Englemammace are found mixed with
mountain hemlock and lodgepole pine. Douglassestern larch, western white pine,
and whitebark pine can also be key componentsasktifiorests which receive most of
their moisture as snow. In the upper subalpine adroxe 7,000 ft trees are adapted to
cold, moist environments and conditions are usuaily conducive to subalpine fir,
Englemann spruce, and some lodgepole pine andhdankgine (Arno, 1979; Cooper et
al., 1991).

Fire Regimes. Fuel zones in Idaho and Montana can be classifjdad
regime, and are useful for outlining potential apemin fire activity resulting from
precipitation changesMany methods exist for defining fire regimes andtfee purpose
of this paper the three major classes of seveasel, historical fire regimes will be
identified: low severity, mixed severity, and higgverity (Agee, 1998).

A. Low Severity Fire Regimes. Dry montane andgpaf the moist montane
zones are considered low severity fire regimeseséhare described as dry, low elevation
forests which are historically charactarized byfrent, low-severity surface fires
(Shoennagel et al., 2004) These dry, fire-adapiszsts would probably be the slowest to
respond to decreasing summer precipitation treedause they are relatively resistant to
drought. Fire activity in these low severity regsrs amplified by a build-up of ground
fuels rather than low fuel moistures caused byebes®d precipitation (Shoennagel et al.,
2004).

B. High Severity Fire Regimes. Parts of the loggbalpine zone, and the upper
subalpine zone would be included in the high-séyeegime. These forests typically
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experience high-severity, stand replacing fire$ éina infrequent with a long fire return
interval (Shoennagel et al., 2004). They inclualests with species such as dense
lodgpole pine, mesic spruce-fir, and most commamkhe Northern Rockies, subalpine
fir mixed with Englemann spruce and lodgpole pitrecontrast to low severity regimes,
these forests have the potential to be the mosttaifl by decreases in precipitation.
Because they are adapted to cool, moist climatesll shanges in temperature and
precipitation will decrease fuel moistures in thepecies (Westerling et al., 2006). In
addition, these forests have very little surfacd &nd fire activity is primarily driven by
fuel moisture and weather conditions (Bessie amhgdan, 1995).

C. Mixed Severity Fire Regimes. The mid-elevatimixed conifer forests
included in the moist montane and lower subalporees display a fire regime with both
high and low severity charactaristics. The mixedesity fire regime is complex and
perhaps the least understood, displaying both kewessty surface fires and infrequent
high-severity crown fires, often within a singlesfievent (Shoennagel et al., 2004).
These fuel types will be more effected by a redurcin precipitation than the dry
montane zones, but it is difficult to speculate élxgent or manner in which fire severity
may increase. Because reduced fuel moisturestpaitk fuel build-up can increase the
severity of burns in this regime (Agee, 1993)sipossible that less precipitation could

amplify the occurrence of crown fires in these $tseor the frequency of fire occurence.

5.7.2 Increased Spring Precipitation.In Montana and Idaho, increased Spring

precipitation has the potential to reduce fire saaxctivity at higher elevations in mixed
and high-severity fire regimes, but may have theosfie effect in grasslands, and other
low-severity fire regimes with grass dominated ustltgies. In higher elevation forests
where fire is carried by tree crowns, a wetterrgpwill increase fuel moisture and may
reduce fire activity. This would help to countiee teffects of decreased summer
precipitation at the beginning of core fire seasbmfuel types where grass is the major
component that carries fire across the landscdym¥eaaverage spring moisture increases
grass production. If this is followed by a dry suer, grasses and fine fuels will dry out
and cure and ultimately a higher fuel-load is ad# for burning. Higher fuel-loads

increase fire activity in these fuel types, esgéciahen the wet spring is followed with
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below-average summer precipitation (Young et &87). In ponderosa pine stands in
the Southwest and in the Front Range of Coloradweased summer fire activity has
been observed in drought years that occur oner¢e tyears after a wet spring, and is
attributed to increased fuel loads (Veblen and 2gam, 2000; Swetnam and Baisan,
1996). While this is especially common in southwesmderosa pine stands, with
decreased summer precipitation it seems intuiheé higher moisture stands in the
Northern Rockies will imitate some fire activity these southwest forests. An increase
in spring precipitation may help to mediate thesef§ of decreased summer precipitation
in high elevation forests in Idaho and Montana,didbwer elevations in grass and

forests with a grass understory, higher fuel lcgtdad to increase fire activity.

5.7.3 Lightning. Decreases in summer precipitation may be accomgpdryielecreased

lightning activity, because a majority of summeg@ptiaton is convective in nature.
Cloud-to-ground lightning strike events are theraiy cause of fire in the forested
regions of the Pacific Northwest (Rorig and Fergud®99). Less precipitation will
make forest fuels more receptive to fire, but miap aeduce the number of fire starts.
Stu Hoyt, the fire mangement officer at the MooseeR Ranger District in north-central
Idaho, has documented a noticable decrease istéres in the area since 1994, which he
attributes to a decrease in lightning (S. Hoytspeal communication, May 2009).
Thunderstorms form when moist, unstable air neassthface of the ground is lifted. A
dryer environment should reduce the availabilityesfidual moisture, and perhaps

decrease thunderstorm formation (Whiteman, 2000).

5.8 Management Implications

A longer, drier fire season with increased fire twens and severity could change staffing
levels, funding, and planning. If increases ie fictivity are indeed the result of climatic
changes rather that fuel build-up, it may be bemadfto alter current forest management
techniques as well. If the trends observed inghigly do continue on a long-term
trajectory, forests in the Northern Rockies maydhieeplan on increasing the length of
time that staff are available each season, anthéwitable increase in funding that would

come with increased staff and more fires. On therchand, if increases in fire activity
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are the result of climatic changes rather thanila4up of fuels, mechanical fuel
reduction projects may have little benefit on redgdire severity in some areas and
funding could be redirected to more crucial arddg®management. In order to
continue to monitor these important changes inviieather, it is crucial that the quality
and content of RAWS data is improved and maintainadaddition, the use of weather
datasets obtained from other stations and griddectes should be explored, and

utilitzed when applicable.

5.8.1 RAWS Data. The greatest limit to real-time weather analysihéavailability of

long term, high quality datasets. Analysis offiveather requires data from stations
located in remote and often rugged terrain whicthir reduces the variety of datasets
available. RAWS data is the best option for rgaktweather data in the remote
locations where fires occur, and it is importanségure funding that will keep these
stations maintained to acceptable and comparadtelatds. In addition, it would be
beneficial to outfit RAWS with the capability to ltect total precipitation in the form of
both rain and snow. While Snotel stations do thigecapability, they are located in
high-elevation locations with the purpose of me@gubasin-wide snowpack, rather than
aspects of weather that are important to the braraunity. However, Snotel stations are
extremely useful in dealing with snow issues thieteawith RAWS stations, and to
validate results generated from RAWS. The unsutaé of precipitation trends
combined with a potential increase in the lengtfirefseason necessitates real time,

year-round precipitation and weather data in firere areas.

5.8.2 Gridded Data. The NARR gridded dataset has proven fairly robuaistsi

correlation with RAWS data for temperature, predijoin, and relative humidity. For a

fire manager at a specific location in complexagrya proximal, gridded dataset with
similar elevation, may produce more reliable trefaidong term, historic weather
evaluation than real-time data from the nearest FBAWor comparable analysis of
historic weather trends over regions, as in thidytgridded datasets with sufficient
correlation could be independently useful due tgte of record, coverage, and

homogeneity. At this time, using the NARR gridakdasets provided in .fwx format for
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the FPA, seems to be a successful method to filligsing observations from RAWS
datasets for long-term analysis of weather treridiswever, caution should be used when
employing NARR datasets for calculation of fire danindices such as ERC, as NARR
appears to produce values lower than those cagcllegsing RAWS data. Independent,
standardized data with continuous coverage couiciddte areas with similar trends in
various weather aspects such as temperature acigipagon, as well as standardized
season ending event probabilities. A continuous @frthese probabilities could be used
as a reference tool for fire managers, and cogdlate season ending events which are

currently subjective, and uncomparable across nsgio
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6. CONCLUSIONS

The results of this analysis can be summarizetearfdllowing five points.

1)

2)

3)

4)

5)

Summer precipitation in Idaho and Montana has @se@ by an average of 57%
over the past twenty-five years during the monthduty, August, and September.

June precipitation has increased by an averagb%fii western Montana over the
past twenty-five years during the first half of dubut has slightly decreased in
ldaho.

Season slowing precipitation events that occunetnd of fire season are
occurring later by an average of 15.5 days ovetwleaty-five year period,
effectively increasing the length of fire seasomdaho and Montana.

Stations on the Front Range of Montana, and in eestral Montana (centered on
Anaconda) consistently displayed spatial autocati@t with similar trends. At
these stations, in June and October precipitatianmcreasing, in July and August
precipitation is decreasing , and the season sipement (SSE) is getting later.

Stations in south central Idaho, centered aroun@&and Stanley, Idaho
consistently displayed spatial autocorrelation githilar trends for decreasing
precipitation in June, July, and October. In additthe SSE is getting later at
these stations.

The weather products created through this projecaa follows.

1) Transferrable database containing year-round obsens for daily maximum
and minimum temperature, maximum and minimum netatiumidity, and total
precipitation. Weather observations consist chicésl RAWS data completed
with NARR gridded data to produce a comprehensigemparable record for each
of seventy-six RAWS from 1980-2007.

2) Standardized probability curves and"ggercentile dates for the primary season

slowing precipitation event (SSE) for each of 76\R3 stations.

Recommendations for future work.

1) Comparison of monthly total precipitation and faecurrence in the study area.

2) Comparison of years with increased fire occurrendbe study area to summer

precipitation versus winter precipitation totals.

3) Further analysis of daily total precipitation dgifire season, including May and

combined July, August, and September.
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4)
5)

6)

7)

Analysis of daily maximum and minimum relative huiity in the study area.
Analysis of trends in fire starts caused by lightnin the study area.

Investigation of differences between ERC valuesudated using the NARR
gridded data set compared with those calculate®¥a&/S data.

Analysis of historic weather trends and calculatbstandardized event

probabilities using the full gridded data arrayossrregions for use in fire
decision support.
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