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University of Washington
Abstract

Links Between Pacific Basin Climatic Variability and
Natural Systems of the Pacific Northwest

Ze'ev Gedalof

Chair of the Supervisory Committee:
Professor David L. Peterson

This thesis is composed of three principal chapters. each describing a distinct line of

inquiry:

19

Five paleoproxy reconstructions of Pacific Basin climatic variability are examined in
order to identity the extent to which these records provide a coherent signal. A
composite chronology of these records is well correlated with the Pacific Decadal
Oscillation (PDO) index. and provides a better record of PDO variability than any of
the constituent chronologies back to 1840. This record suggests that the PDO may
not have been an important organizing structure in the North Pacific climate system

over much of the 19th century.

Empirical Orthogonal Function (EOF) analysis is used to identify patterns in annual
area burned by wildfire in the American Northwest. Extreme wildfire years are
forced in part by antecedent drought and summertime blocking in the 500 hPa height
field. However the response to these events is modulated by the ecology of the
underlying forest. At more mesic forest types antecedent drought preconditions
forests to burn, but is not a good predictor of area burned due to the rarity of
subsequent ignition. At especially dry locations, blocking events alone can lead to
increases in area burned even in the absence of antecedent drought. Summertime

cyclones can also lead to increased area burned, probably due to dry lightning storms



(V]

that bring ignition and strong winds but little precipitation. Management paradigms
that rely on fuel treatments alone to eliminate large. intense fires are consequently

unlikely to succeed.

A network of drought sensitive tree-ring chronologies is used to reconstruct flow on
the Columbia River at The Dalles. Oregon. since 1750. Residual statistics from this
model exhibit a positive trend over time. indicating a change in the relationship
between drought and streamflow caused by changes in land use over the twentieth
century. The multivear drought of the 1930s was the second most severe on record.
with a more intense drought occurring during the 1840s. The period from 1950 to

1987 is unique in the last 250 years with respect to the relative absence of multiyear

droughts.
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Chapter 1

Climate is conventionally defined as the statistics of weather;, its mean state over a given
space and time. However there is a growing recognition that the earth’s climate is not
static at any frequency of variability, and that mean conditions are inevitably a moving
target. Natural systems are sensitive to these fluctuations, and the distributions of fish,
trees, arable land and people can be interpreted to a large degree as responses to
variations in climate across the surface of the planet. Past climatic surprises have
dramatically altered the course of civilizations. Indeed, the history of natural resources
management consists largely of attempts to predict, minimize and buffer against

fluctuations in climate.

Scientific inquiries have led to many insights into the underlying causes and
consequences of climatic varability, yet future climate remains as uncertain as ever.
Human activities have altered the composition of the earth’s atmosphere dramatically,
giving rise to considerable debate over how the statistics of weather may change. Some
insight into how natural systems may respond to these changes may be gained by
analyzing the ways that they have responded to the rhythms of past fluctuations. These
sorts of assessments address two principal questions: (1) which climatic factors influence
the health of natural systems; and (2) are there thresholds in the response of natural
systerns to extreme events? Additionally, many biological organisms annually produce
incremental growth, allowing these assessments to be undertaken retrospectively - that is,
the organisms effectively monitor themselves. Those species that survive for long
periods of time offer the further opportunity of hindcasting the climatic factors that limit
their growth,

The overarching theme of this research program is to investigate links between past
climatic vanability and forest ecosystems of the Pacific Northwest. This theme emerges
from relatively disparate lines of inquiry. Two perspectives are drawn from paleoproxy

reconstructions of past climate, and a third from an assessment of the relationships



between area bumed by wildfire and ocean-atmosphere processes. The results of these
analyses are presented here as separate chapters, each standing relatively independently

of each other.

This introduction represents chapter one. In chapter two | compare five paleoproxy
reconstructions of North Pacific climatic variability, using the Pacific Decadal Oscillation
(PDO) as an organizational touchstone. The combined record of these proxies provides a
better index of PDO variability than any of the individual records, and suggests that the
PDO has not been a constant organizing structure over time. In chapter three [ examine
the relationships between area burned by wildfire on national forestlands of the Amencan
Northwest and climatic processes — specifically 500 hPa circulation anomalies and
drought. Climatic fluctuations play an important role in forcing extreme wildfire years at
scales that range from synoptic to interannual and possibly longer. In some ecosystems, a
specific sequence of events is necessary for extreme wildfire years to occur. In chapter
four [ use drought sensitive tree-rings to reconstruct discharge at The Dalles, Oregon
since 1750. This record provides a long-term context for water resources planning, and
suggests that the last 50 years have been anomalous in their relative absence of multuyear
droughts.

Although this dissertation is composed of three distinct investigations, there are some
recurring motifs that will emerge. In all three lines of inquiry I address climatic
vaniability in the Pacific Northwest at annual to interdecadal time scales. [ find that the
underlying ecology of ecosystems modulates their response to climatic forcing. The
natural records that these forests contain, in their nng width and fire history, are
intrinsically nonlinear and must be interpreted cautiously. Lastly, disparate climatic
forcings can give rise to similarly extreme events, and there may be as yet unidentified

climatic surprises lurking in the wings.

(3]



Chapter 2

2.1 Abstract.

Annual growth increments from trees and coral heads provide an opportunity to develop
proxy records of climatic variability that extend back in time well beyond the earliest
instrumental records, and in regions where records have not been kept. Here I combine
five published proxy records of North Pacific climatic vanability in order to identify the
extent to which these records provide a coherent picture of Pacific Basin vanability. This
composite chronology is well correlated with the Pacific Decadal Oscillation (PDO)
index. and provides a better record of PDO variability than any of the constituent
chronologies back to 1840. A comparison of these records suggests that the PDO may
not have been an important organizing structure in the North Pacific climate system over
much of the 19th century, possibly indicating changes in the spatial pattem of sea-level
pressure and consequent surface climate patterns of vanability over the Amenicas.
Furthermore, the assumed stationarity between predictors and predictand in paleoclimatic

studies may not be valid in the North Pactfic sector.

2.2 Introduction

Instrumental climate records provide strong evidence that the North Pacific Basin
experiences coherent modes of variability at interannual to interdecadal scales, generally
termed the Pacific Decadal Oscillation (PDO) (Ware 1995; Mantua er al. 1997, Zhang et
al. 1997). The spatial structure of this variability is very similar to that of EI Nifio /
Southemn Oscillation (ENSO). but with greater amplitude at high latitudes and a reduced
tropical expression. During warm PDO regimes the westemn and central North Pacific
Ocean typically exhibits cool surface temperature anomalies while the eastern Pacific
exhibits above average temperatures. The opposite condition exists during cool regimes.
The temporal variability of the PDO is characterized by much longer persistence than
ENSO, on the order of 20 to 30 years. The PDO also appears to shift abruptly between
warm and cool states, with observed shifts occurring in 1925, 1947 and 1977 (Hare 1996;



Minobe 1997) and some evidence that it may have exhibited many such shifts prior to
instrumental observations (D'Arrigo et al. 2001; Gedalof and Smith 2001b). The cool-
season Aleutian Low pressure system is generally more intense during warm PDO
regimes and less intense during cool PDO regimes, with significant impacts on climate
throughout North America (Wallace and Gutzler 1981; Latif and Barnett 1994).

In spite of the rapid developments in our understanding of the PDO., several key issues
remain unresoived: (1) Is the PDO a robust feature of North Pacific climatic vanability,
or is it a 20th century phenomenon? (2) Does the PDO have a preferred time scale? (3)
Are the observed regime shifts typical charactenistics of the PDO? and (4) Does PDO
forcing originate in the tropics or in the extratropics? Each of these issues has
implications for the predictability of the North Pacific climate system and attendant
resource management concerns. Given the long time scale of the PDO and the short
length of the instrumental record there are some non-trivial limitations to analyses. Proxy
records provide the opportunity to extend these records and gain some insight into the
pre-instrumental (and pre-industrial) behavior of the North Pacific climate system. A
number of proxy reconstructions have recently become available, incorporating tree rings
(Minobe 1997; Kadonaga et al. 1999; Evans et al. 2000; Biondi et a/. 2001; D" Armrigo et
al. 2001; Gedalof and Smith 2001b) and coral skeletal chemistry (Linsley et al. 2000;
Urban er al. 2000; Cobb er al. 2001). In this paper | compare five available, published,
proxy reconstructions of North Pacific climatic variability in the context of the questions

outlined above.

2.3 Data Description and Analytical Methods

I compiled five published climate reconstructions from around the Pacific Basin that all
report a link to extratropical interdecadal variability (Table 2.1). Gedalof and Smith
(2001b) used six high-elevation mountain hemlock (7suga mertensiana) chronologies
from a transect extending from Oregon to Southeast Alaska to reconstruct the mean
spring PDO index since 1600. This record has been extended from its origmal



termination date in 1983 to 1990 using several of the constituent chronologies as
predictors in a simple linear regression. Biondi et al. (2001) used chronologies from
Jeffrey pine (Pinus jeffrevi) and bigcone Douglas-fir (Pseudotsuga macrocarpa) from six
sites in Califomnia and northwestem Mexico to construct the mean winter half-year PDO
index back to 1661. Evans et al. (2000) used 15 tree-nng chronologies from vanous
species located in Pacific influenced regions of extratropical North and South Amenica to
reconstruct one pattem in sea surface temperature (SST) that is structurally very similar

to the PDO. Urban et al. (2000) used a 6 180 chronology derived from a coral in Maiana
to reconstruct regional SST variability back to 1840. This record exhibits good
correspondence to drought in the American Southwest (Cole et al. 2002), and is well
correlated to indices of North Pacific decadal vanability. Linsley et al. (2000) developed
a SST chronology based on SrCa measurements from a coral in Rarotonga, located in the
castern subtropical South Pacific. This record extends back to 1726, and also exhibits
interdecadal variability that is coherent with North Pacific records. Hereafter these

studies and the chronologies they produced will be identified by their principal

investigator.

Table 2.1. Summary of proxy chronologies used in the analysis.

Principal Author  Data Type  Period of Record Geographic Region

Gedalof Tree nngs 1600 - 1990 Pacific Northwest, Gulf of
Alaska

Biondi Tree nngs 1661 - 1991 American southwest, Mexico

Evans Tree nngs 1001 - 1990 Extratropical N. and S. America

Urban Coral 1840 - 1994 Maiana, central tropical Pacific

Linsley Coral 1726 - 1997 Rarotonga, eastern subtropical
S. Pacific

There are several important differences between coral and trees that have implications for

proxy climate reconstructions. In particular, tree rings represent a terrestrial, mid-latitude



response to climate. whereas coral records provide a marine, low-latitude response.
Tree-nng time seres typically provide an annually resolved record of growing season
conditions, whereas coral continuously integrate their immediate environment, and the
resolution is limited by sampling frequency and dating control. At present, tree-nng
chronologies are well replicated and based on large sample sizes, whereas coral records
are relatively sparse and reconstructions are often based on a single core. [n order to
directly compare these reconstructions the coral chronologies were resampled to a
calendar-year timestep. While there may be more appropriate methods of resampling
these time senies. this approach is simple and objective, and suggests that the results
presented here are a conservative estimate of the strength of the common signal between

the tree-nng and coral chronologies.

In order to compare the five chronologies | used a principal components analysis (PCA)
to extract common modes of vanance from the chronologies. This analysis is restricted
to the interval 1840 to 1990, the interval common to all of the proxy records. The
resulting eigenvectors were scaled to have zero mean and unit vanance, and were then
projected onto the mean winter (Oct. to March) National Centers for Environmental
Prediction . National Center for Atmospheric Research “reanalysis™ SST field (Kalnay e?
al. 1996). The reanalysis data span the interval 1950 to the end of the proxy records in
1990. Pearson’s product-moment correlation was used to assess the strength of the
association between the eigenvectors and two indices of Pacific climatic variability: the
Cold Tongue Index (CTI) is an ENSO index based on SST in the eastern equatorial
Pacific (Zhang er al. 1997); and the PDO index is derived from the leading mode of
variability in Pacific Ocean SST polewards of 20°N (Mantua et al. 1997).

2.4 Results and Discussion

Only the first eigenvector was well resolved (North ez al. 1982), and was therefore
retained from the PCA for further investigation. This leading mode of variability
explains 41 percent of the total variance, and loads moderately strongly on all five proxy



records (Table 2.2). The principal component time series associated with this mode
(PC1 hereafter) is well correlated with the PDO index (r=0.64. p<0.001; Figure 2.1). A
partial correlation analysis indicates that this time series does not contain any inforration
on the state of the CT1 that is not intrinsically expressed in the PDO, suggesting that this
record represents primarily a North Pacific climate signal, and not a tropical (i.e. ENSO)
signal. It is worth noting that the observed cormrelation with the PDO index is higher than
the correlation observed for any of the individual input series, indicating that the
combined chronology is capturing more of the varability than any of its constituent

components.

A distinct characteristic of the instrumental record of the PDO is the regime shifts that
occurred in 1925, 1947 and 1977 (Hare 1996; Mantua et al. 1997). An intervention
model (Box and Tiao 1975) applied to PC1 identified the 1947 and 1977 shifts as being
significant, but failed to identify the 1925 shift. An intervention detection algorithm (see
Gedalof and Smith 2001b) identified a significant shift from cool to warm states in 1905,
consistent with the findings of Biondi, but no earlier shifts.

Table 2.2 The intercorrelations between the five proxy chronologies

Gedalof Biondi Evans Urban Linsley PCI
Gedalof - 0.001 0.000 0.133 0.032 0.435
Biondi 0.184 - 0.000 0.365 0.033 0.406
Evans -0.461 -0.223 - 0.000 0.000 -0.545
Urban -0.126 -0.074 0.370 - 0.102 -0.342
Linsley -0.134 -0.131 0.349 0.132 - -0.483

The correlation coefficient is shown in the lower portion of the grid, and the p-values in
the upper portion. Correlations that are significant at 95 percent confidence are indicated
in bold script. The correlation between the proxy chronology and the leading PC is
shown in the last column.
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Figure 2.1 The time series of the leading principal component (PC1), scaled to match
the mean October to March PDO index (shown in gray).

Regressing the SST field onto PC1 produces a spatial pattern that is similar in structure
and magnitude to the PDO, with warm SST anomalies occurring in the eastem equatonial
Pacific and along coastal western North America. and cool anomalies in the Aleutian
Low region of the North Pacific (Figure 2.2). There is a similar cool anomaly in the
South Pacific. This symmetrical structure in SST suggests a tropical forcing mechanism
for the PDO (Garreaud and Battisti 1999; Evans er al. 2001; Folland er al. 2002).



Figure 2.2 The NCEP SST data regressed onto PC1. Contour interval is 0.1°C per
standard deviation of PC1. Positive anomalies are indicated by solid contours,

negative anomalies by dashed contours, and the zero contour s not shown.

The fact that a PDO-like structure emerged as the leading eigenvector among these
geographically dispersed proxies suggests that the PDO is a robust feature of Pacific
climatic vanability, because it represents the dominant mode of vanability over the last
160 years. But an examination of the intercorrelation between the five proxy
chronologies reveals a more complex situation (Figure 2.3). Eigenvector techniques are
designed to find simple structure in data matrices and consequently will be biased
towards regions or intervals with simple structure. Over the interval considered in this
analysis there is a conspicuously stronger intercorrelation between the five proxies over
the 20th century, and in particular since ca. 1975. This observation suggests that, while it
may be the dominant mode of variability represented by these proxies, the PDO has not
been a coherent structure over time. Also intriguing is the observation that the sign and
strength of the correlations between the longest proxies prior to ca. 825 suggest that a

mode of variability with similar SST structure and downstream teleconnections to the
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PDO was operating over this time. Interpreted together, these findings suggest that the

PDO has probably been operating at least since 1600 but that it was not an important
mode of variability over much of the 19th century. This interval is consistent with a

period of poor correspondence between tree rings at high latitudes in North and South
America (Villalba et al. 1999). and in proxy records of salmon abundance and SST in the
Gulf of Alaska (Finney et a/. 2000). Alternatively, this poor inter-correspondence could
indicate non-stationarities in the climate-growth relationships developed for paleoproxy
analyses.
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Figure 2.3 (upper panel) The mean intercorrelation between all proxies that have data.
calculated over a 21-year moving window. The 95 percent confidence level for
the appropriate number of intercorrelations is shown in gray. (lower panel) The
interval for which each proxy record reports data. The shaded overbar indicates
the interval used in the PCA. over which all proxies provide data.

These interpretations of PDO vanability suggest that, over the interval considered in the
PCA. there should not be a well-defined peak in variability at low frequencies. Indeed, a
spectral analysis of PC1 reveals a predominantly red spectrum (results not shown). Any
attempt to identify a preferred frequency of variability in the PDO will be intrinsically
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complicated by the fact that the expected frequency is quite low (in the observed

record there have probably been only two ccmplete cycles since ca. 1890), and the
possibility that the PDO has not exhibited a coherent structure over time.

Nonetheless, several studies have characterized the PDO as emerging from a phase-
locked interaction between oscillations with ca. 20 and 50 to 70 year periods (Nakamura
et al. 1997; Minobe 1999; Minobe 2000). The Aleutian Low is believed to be the
keystone that connects these two processes. Regime shifts occur when the oscillations
change phase simultaneously. Minobe (1999) noted that the synchrony of the oscillations
was not strong in the early portion of the 20th century. | applied a singular spectrum
analysis (SSA) (Vautard 1992) to the reconstructed PDO index in order to evaluate this
charactenization (Figure 4). Three dominant waveforms were identified in this analysis,
with charactenistic periods of approximately 85, 23 and 20 years. These three waveforms
explain 53 percent of the variance in mean winter PDO index, and capture the observed
regime shifts of the 20th century. An interesting feature of this analysis is the distinctly
weak energy in the ~23 year mode prior to ca. 1875 - the interval when the proxies
exhibit poor intercorrelation. SSA of the individual proxies supports this interpretation:
the Gedalof, Evans and Linsley chronologies exhibit similar weak energy from ca. 1825
to 1875 in oscillatory modes with approximately bidecadal periods. These findings
suggest that the poor correspondence between the proxy records over most of the 19th
century may be a consequence of the small energy in this mode of vanability.
Interestingly. this mode appears to have been increasing in amplitude over the 20th
century when the intercorrelation has been strongest. It is unclear from the current
analysis whether the 20- and 23-year oscillatory modes are actually distinct, or if they are
artifacts of differences in biological processes or the analytical approaches adopted by the
onginal authors.
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Figure 2.4 Weighted sums of the three leading pairs of eigenvectors extracted using
singular spectrum analysis. The oscillatory modes have periods of (bottom panel)
ca. 85 yrs., (middle panel) ca. 20 years, and (top panel) 23 years.

This analysis demonstrates that proxy chronologies from tree rings and coral may be
directly incorporated into investigations of very large-scale ocean-atmosphere
interactions. Reconstructions derived from these paleoproxy networks may capture these
large-scale processes better than the spatially restricted networks necessitated by single-
proxy analyses. In light of this observation further energy expended in extending the
length of coral records will provide substantial and immediate returns in terms of an
improved understanding of low-frequency variability in the ocean-atmosphere system.

2.5 Conclusions

These results provide insight into the long-term behavior of the PDO, and support the
inference that North Pacific climatic vaniability at decadal and longer frequencies may be



a consequence of the complex interaction of several modes of vanability. In the

context of the four questions outlined in the introduction, this analysis supports the
following interpretation: (1) The PDO does not appear to be a 20th century phenomenon
only. but it also does not appear to have always been a robust feature of North Pacific
climatic variability. Instead. it seems to have fluctuated in importance, with a notable
interval of reduced influence over much of the 19th century. (2) Given this finding. and
restricting the analysis to the period common to all five proxies, it was not possible to
assess the extent to which the PDO exhibits a preferred time-scale in this analysis.
However, there is some evidence to support the hypothesis of Minobe (1999) and others
that the PDO is composed of phase-locked oscillations with periods of ca. 20 and 50 to
70 years. Consistent with Minobe I found poor synchrony between these modes in the
early portion of the reconstructed PDO index. This interval is coeval with a period of
poor intercorrelation between the individual paleoproxy records considered in the
analysis. An examination of the longer proxy records suggests that this pattemn of poor
coherence occurred over much of the 19th century. (3) Given the uncertain nature of the
PDO over the 19th century this analysis was unable to determine whether the observed
regime shifts are characteristic features of the PDO. (4) The significant and consistent
correlation structure between the tropical and extratropical proxies, including several
from the Southem Hemisphere, all point to a tropical forcing mecharusm for the PDO.

13
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Chapter 3

3.1 Abstract

Wildland fire is an important ecological agent in forests of the American Northwest.
Historical fire suppression efforts have contributed to an accumulation of fuels in many
northwestern forests, and may result in more frequent and / or more severe wildfire
events. Current management approaches therefore focus on fuel treatments as the
primary method of avoiding extreme wildfire years. Here | investigate the extent to
which atmospheric vanability may force area bumed on 20 national forests in
Washington, Oregon and Idaho. Empirical Orthogonal Function (EOF) analysis was
used to determine the coherence (or patterns) of area bumed by wildfire in the Pacific
Northwest. Anomaly tields of S00 hPa height were regressed onto the resulting principal
component time series to determine the patterns in atmospheric circulation that are
associated with variability in area bumed by wildfire. Additionally. cross correlation
functions were calculated for the Palmer drought severity index (PDSI) over the year
preceding the wildfire season. A second analysis was undertaken using the same fire and
climatic data sets, but based on superposed epoch analysis rather than linear regressions.
This analysis focused only on the extreme fire years (both large and small), and does not
require the association between fire and climate to be linear in nature. Four significant
“"modes" of buming were identified; each associated with distinct climatic processes:

I. Region-wide (with the exception of coastal temperate rainforest) increases in area
burned are associated with the formation of a high-pressure blocking ridge over
western North America throughout the fire season. This pattern is associated with
drought in the spring and summer preceding the fire season maximum, but exhibits no
association with either winter precipitation or snow accumulation.

2. Increases in area bumned in eastern Washington and Idaho, coupled with reductions in
area burned in southern and western Oregon are associated with reduced summertime
500 hPa heights in the region of the wintertime Aleutian Low, and increased heights

over central and western North America. This pattern resembles the summer Pacific
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North America (PNA) pattern, and contributes to increases in area bumed

mdependently of drought events.

3. Increases in area burned in the temperate rainforests of the Pacific Northwest occur
when drought, beginning in summer of the previous year and persisting throughout the
fire season. is coupled with particularly intense blocking.

4. Increased area burmed in the forests of southen Oregon is also associated with
summertime cyclonic circulation anomalies. In these particularly dry forests summer
storms can deliver lightning and strong winds but often little rain, thereby providing an
ignition source and a mechanism for rapid spread.

The results of these analyses support the hypothesis that climatic vaniability acts as an

important control on the occurrence of extreme wildfire years. The extent of this control

is modulated by the underlying ecology of the region, with coastal temperate rinforests
responding to lower frequency variability than the drier steppe and savannah ecosystems
of the interior. Stronger relationships were observed for the superposed epoch analysis
than for the linear regressions, supporting the inference that climatic controls are more
important in forcing extreme wildfire years than more moderate wildfire years. While
forest management practices can alter fuel structures, they have no control over climatic
vaniability. However fuels treatments should be undertaken in consideration of the
relative roles of climate and fuels as limiting tactors for large fires and in the specific

ecological context of the management unit.

3.2. Introduction

There is a growing recognition that fire plays an integral role in developing the structure
and composition of forest ecosystems in the Pacific Northwest (Agee and Huff 1987,
Cwynar 1987; Huff 1995; Lertzman et al. 1998; Taylor and Skinner 1998; Everett et al.
2000). Historical fire exclusion practices are being revised to reflect these changes in
attitude - forests are now subjected to "fire management” rather than the automatic
suppression and exclusion policies of the past. Naturally occurring fires are occasionally

allowed to bumn, prescribed fires are intentionally set, and fuels are managed to encourage



natural fire regimes (Agee 1993). Fire exclusion continues at locations where cultural.
economic, or ecological values require it. The exclusion of fire over the last century has
changed its role in many ecosystems, however, and made many types of forest more
prone to extreme fire events (Agee 1997; Agee 1998). Consequently. a better
understanding of the factors that contribute to severe, extensive fires is critical for the
integration of fire as an ecological process into managed landscapes.

Fire behaviour is determined largely by the nature of the fuels. topography. and weather
occurring at the site of'ignition (Johnson 1992). Of these factors weather is the most
vanable over time and the most poorly understood. Furthermore, a substantial proportion
of total area bumed is likely caused by relatively few fires that occur under extreme
weather conditions (Schroeder 1969; Strauss et al. 1989; Johnson and Wowchuk 1993).
The goal of this study is to determine if underlying patterns exist in annual area burned in
the northwestern United States, and to associate these patterns with large-scale structures
in the mid-troposphere and to variability in antecedent temperature, precipitation, and
drought. This approach is distinct from most previous studies in two respects: (1) [ do
not treat the area west of the Rocky Mountams as a single coherent unit; and (2) I address

large fire seasons, rather than individual large fires.

1 divided the study area into multiple regions with coherent fire regimes for several
reasons. First, the large contrast in forest types that occur throughout this region is
almost certainly a response to different climatic and fire regimes that are in operation
(Franklin and Dymess 1973; Agee 1993). Given these differences it seems probable that
there may be more than a single pattern in annual area bumned, as well as distinct climatic
controls on these patterns. Furthermore, by focusing on extreme wildfire years rather
than individual large fires | am better able to assess the role of the atmosphere in forcing
wildfires. By averaging over space and time I reduce the role that individual site
characteristics play in contributing to fire extent. Lastly, by identifying elements of
climate that contribute to extreme wildfire years in specific regions of the American
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Northwest | provide fire managers with a tool that can be used with some skill to

anticipate the seventy of the upcoming fire season.

3.3 Regional Setting

Twenty national forests were considered in the analysis, located throughout Washington,
Oregon and Idaho (Figure 3.1). This study region abuts the Canadian border to the
North, the Pacific Ocean to the west, the Rocky Mountains to the east. and California and
Nevada to the south. The Cascade Mountains unevenly bisect the study area along a
north-south axis, and exert a strong orographic control on the region’s climate. The
Olympic and Coast Mountains, located in northwestern Washington and coastal Oregon
respectively, exert additional climatic and ecological influences on the region.

Southeastern Oregon is characterized by a complex mosaic of highlands, mountainous
terrain, and basin and range topography that give rise to a spatially heterogeneous
landscape.

This physiographic setting influences regional fire regimes in several ways: (1)
orographic controls on temperature and moisture availability give rise to characteristic
vegetation assemblages that in tum influence fuel accumulation and flammability of the
landscape; (2) differences in parent material influence rates of soil development and soil
chemistry, which can influence the relative abundance of forest types. (3) regional
topography influences the location and intensity of summertime convection cells that
affect the frequency of lightning ignitions; and (4) regional differences in elevation lead
to dramatic adiabatic changes in temperature and relative humidity as air masses are
translocated - in particular when circulation favors anomalous easterly winds, which can

dry fuels quickly and lead to especially severe wildfire hazards.
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Figure 3.1 Locations of the 20 national forests considered in this analysis.

Orographic controls on precipitation lead to a considerable disparity in total annual
precipitation across the study region. Mean annual precipitation ranges from over

250 cm on the Olympic Peninsula to less than 25 cm in the interior Columbia Basin.

Average precipitation west of the Cascades is approximately 140 cm per year, about four

times the 40 cm annual average east of the Cascades. The distribution of mean annual
temperature is less affected by the mountains than is precipitation, aithough coastal
regions are on average about 2°C warmer than interior regions. However the Cascade
Mountains mark the approximate boundary between maritime and continental climates in
the region, with summer-winter differences in temperature substantially greater east of

the Cascades crest.

These differences in regional climate are reflected in the dominant vegetation types that
occur throughout the Pacific Northwest (Franklin and Dymess 1973) (Table 3.1). Along

the northwest coastline of the study area coastal temperate rainforests dominate low
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elevation stands. These dense. lush forests are characterized by Sitka spruce (Picea
sitchensis), western hemlock (Tsuga heterophvila) and westem redcedar (Thuja plicata).
Douglas- fir (Pseudotsuga mencziesii) and grand fir (Abies grandis) are less common
associates. Although these forests are capable of buming, fire is infrequent due to very

high annual precipitation and rapid decomposition of fine fuels. Fahnestock and Agee
(1983) estimate a minimum fire retumn interval' of 1146 years for westem Washington,

and Gavin et al. (in press) found locations on western Vancouver Island that have not
burned during the entire Holocene. When fire does occur the area burned appears to be

large, and it usually results in total stand replacement (Agee 1993).

Just inland of the Sitka spruce zone is an extensive zone dominated by westem hemlock.
although Douglas-fir represents an important codominant at many sites. Important
associates include western redcedar, grand fir and, less commonly, lodgepole pine (Pinus
contorta var. contorta) and western white pine (P. monticola). These forests are generally
drier than the Sitka spruce zone, and fire is a more common disturbance agent. Indeed.
the presence of Douglas-fir in these forests is generally believed to be a response to
episodic disturbance by fire, which exposes mineral substrate and creates openings in the
canopy that allow the establishment of shade intolerant species (Agee 1991b; Edmonds et
al. 1993; Huff 1995). The fire regime in western hemlock forests is quite vanable in

terms of frequency, intensity and severity (Agee 1993). Although most fires result in

stand replacing events, mature Douglas-fir individuals may survive less severe fires.
Fahnestock and Agee (1983) report a fire retum interval of 230 years for these forests,
although Agee (1993) cautions that this figure is probably highly vanable across the
landscape. Also, empirical models that are forced by climate predict a much longer fire
return interval for these forests than are estimated from age distnbution models (Agee

I. The mean fire return interval is defined here as the average number of years between two successtve fire events
in a given landscape. It 1s most commonly applied to regions with low to moderate seventy fire regimes. The
terms “fire rotation” and “fire cycle™ are more commonly applied to forests with moderate to high severity fire
regimes. These latter parameters are normally estimated from age-distribution models rather than from fire scars or

other direct measurements, but otherwise indicate the same fire return properties (Baker and Ehle; 2001, Li, 2002).
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1993).

Table 3.1 Biophysical characteristics of the 20 National Forests considered in this

analysis

National Forest

Dominant Forest Types’

Mear Annual
Precipitation (cm)

Typical Fire Regime’

Colville Douglas-fir, grand fir. Engimomn $2 3.5
spruce. subalpine tir

Deschutes Lodgepole pine, ponderosa pine, S01 1-2
Douglas-fir, grand fir

Fremont Ponderosa pime. westem juniper, 67 2-3
lodgepole pine

Gifford Pinchot Western hemlock, Douglas-ir, 157 4-5
Pacific silver fir, mountain hemlock

Maiheur Douglas-fir, grand fir, pondoosa RE B 3.5
pine

Mount Baker-Snoqualmie Western hemlock, Douglas-6r, 166 5-6
Pacific sitver fir, mountain
hemlock

Mt Hood Western hemliock, Douglas-fir, 153 4-5
grand (ir, mountain hemlock,
subalpine fir

Nez Perce Dougiss-fir, grand fir, ponderosa 59 4-6
pine. Engelmann spruce, subalpine
fir

Ochoco Douglas-fir. grand fir, ponkross 31 3-4
pine

Okanogan Douglas-fir, western hemlock. 108 3.5
Engelmann spruce, subalpine fir

Olympic Sitka spruce. western hemiock, 174 -6
Pacific silver fir. Douglas-fir,
mountain hemlock

Rogue River Douglas-fir, white fir, red fir, T0- 3-5
ponderosa pine.

Siskiyou Douglas-fir, western hemlock, 130 2-5
coast redwood, white fir, red fir

Siuslaw western hemlock, Sitka spruce. 168 1-6
Douglas-fir, grand fir, Pacific
stlver fir

Umaulla Douglas-fir, graad fir, ponderosa 41 3.5
pine. Engelmann spruce. subalpine
tir

Umpqua Douglas-fir, ponderosa pine, 98 4-5
grand fir, incense cedar.

Wallowa Whitman Douglas-fir, ponderosa pine, 47 24
grand tir, Engelmann spruce.
subalpine fir

Wenatchee Douglas-fir, graad fir, ponderosa 9y 24
piae, subalpine fir

Willamette Douglas-fir, incense-cedar, 103 14
ponderosa pine, Oregon white fir,
red fir. mountain hemlock

Winema Ponderosa pine, lodgepole pine, 64 1-3

Douglas-fir. grand fir

1 Species identified in bold are most commonly occurming

2. Fire regimes are based on Agee (1993): 1. Infrequent light surface fires (»25 year retum nterval); 2. Frequent light surface fires
(1-25 year return interval); 3 Infrequent severe surface fire (=25 year retum interval); 4. Short retum mnterval crown . severe
surface fire (25-100 year); 5 Long return interval crown  severe surtace fire (100-300); 6. Very long rewm interval crown
severe surface tire (300+ year)



Montane forests of the Cascade Mountains are characterized by Pacific silver fir (4bies
amabalis) or red fir (A. magnifica). Impontant associates include Douglas-fir and western
hemlock at lower elevations, and subalpine fir (4bies lasiocarpa), mountain hemlock
(Tsuga mertensiana) and yellow cedar (Chamaecyparis nootkatensis) at higher
elevations. At subalpine elevations mountain hemlock and subalpine fir usually

dominate, although whitebark pine (Pinus albicaulis). yellow cedar and lodgepole pine
may be locally important. Pacific silver fir is more common in the northem Cascades,
where these forests are characterized by infrequent. high seventy fires (Agee 1993).

Agee et al. (1990) report a fire return interval of ca. 150 years for the northeastem
Cascades. In contrast, Hemstrom and Franklin (1982) cautiously report a longer retum
interval (ca. 200 - 500 years) for forests at Mt. Rainier National Park, in the northwestem
Cascades. In the southem Cascade and Klamath Mountains red fir replaces Pacific silver
fir as the dominant montane species. This transition is probably a response to changes in
precipitation and fire frequency (Franklin and Dymess 1973). Typical fire regimes are
variable in response to local topography. ecology and microclimatic features. Fire retum
intervals are difficult to assess due to “problematic charactenistics of true firs™ (Agee
1993). but are probably less than 50 years at most locations (Pitcher 1987, Taylor and
Halpern 1991).

Middle elevation forests on the eastem slopes of the Cascade Mountains are charactenzed
by stands of grand fir, Douglas-fir, or both. Westem larch (Larix occidentalis), western
hemlock, ponderosa pine (Pinus ponderosa), and occasionally Garry oak (Quercus
garryana) are important associates depending on site conditions, with hemlock and larch
more characteristic of locations where marine air masses spill over the Cascades crest,
resulting in more mesic conditions. Ponderosa pine and Garry oak occur at cold-dry and
hot-dry sites respectively. Because of the complex topography and associated
microclimatic conditions, and the disparate fire adaptation strategies employed by

different tree specics, the fire regime in these forests is among the most complex of the
entire region. Fires of all intensities and severities are common; low intensity fire return

intervals are typically short - ca. 25 years for stands dominated by grand fir, and



probably less than a decade for Douglas-fir dominated stands (Agee 1993). Stand
replacing events are more rare, occurring approximately once every 100 to 200 years

(Antos and Habeck 1981; Barrett er al. 1991).

The forested lowlands east of the Cascade Mountains are dominated by ponderosa pine,
with Douglas-fir, lodgepole pine and grand fir as important associates. In southem
Oregon white fir (4bies concolor) is also a common associate. These forests are
subjected to frequent, low-intensity fires that often result in little mortality of the
overstory. Fire retun intervals are difficult to assess in these forests because ponderosa
pine is well adapted to survive fire and often there is little evidence preserved that a fire
has occurred. Consequently, reconstructions based on fire-scarred individuals probably
underestimate the frequency of fires. Even so, estimates based on fire scars alone range
from as little as 3 years up to ca. 35 years, depending on site characteristics (Weaver
1959; Bork 1984; Agee 1993; Everett ef al. 2000). Sites where ponderosa pine grows
alongside more mesic species such as Douglas-fir and grand fir probably have longer fire
retum intervals (ca. 50 years, Agee et al. 1990). The typically low intensity of wildfires
within ponderosa pine forests has allowed relatively effective fire suppression over the
last several decades. Consequently there has been a trend towards increasing stand
density, increased fuel loads, and often more shade-tolerant / fire intolerant species
emerging from the understory (Weaver 1959; Agee 1993; Everett e a/. 2000; Heyerdahl
et al. 2001).

Stands dominated by lodgepole pine (Pinus contorta var. latifolia) are common
throughout eastemn Oregon and Washington. These stands are normally considered seral
(Franklin and Dymess 1973), and consequently are not considered in most forest cover
schemes, which tend to identify climax or ““potential”” vegetation communities.
Nonetheless, lodgepole pine stands may account for a significant proportion of the annual
area bumed in some national forests, and indeed may exist in a quasi-stable equilibrium
at some sites (Gara et al. 1985; Stuart er al. 1989). Lodgepole pine stands often
regenerate as dense, even-aged stands following stand replacing fires. As these stands



mature they self-thin and become highly flammable due to extensive down wood,

ladder fuels and, often, reduced vigor following attack by mountain pine beetle
(Dendroctonus ponderosae) (Gara et al. 1985). Because lodgepole pine is shade
intolerant and can produce serotinous cones, it is well adapted to regenerate when this
fire-prone stand bumns (Gara et al. 1985; Stuart et al. 1989; Lotan and Critchfield 1990;
Barrett er al. 1991). Lodgepole pine may also dominate at locations where poor soils
inhibit the establishment of other species (Franklin and Dymess 1973). Large portions of
southern Oregon, for example, are characterized by serpentine soils derived from
volcanic pumice, which are largely populated by pure stands of lodgepole pine. Typical
fire retum intervals in these forests are between 25 and 75 years, with stand replacing

events occurring approximately once per 200 years (Barrett er al. 1991).

In addition to spatial variability in fuel production there is also variability in ignition
frequency. Lightning strikes, the most important natural cause of fire ignitions in the
Pacific Northwest, exhibit substantial spatial variability. West of the Cascade Mountains
the annual density of lightning strikes is normally less than 0.0S strikes km. In contrast,
portions of Deschutes, Ochoco, Malheur and Umatilla National Forests typically
experience 0.25 strikes km™. and Fremont, Wallowa- Whitman and Nez Perce more than
0.35 strikes km. Rorig and Ferguson (1999; 2002) characterized the relationship
between lightning strikes, atmospheric circulation, and fire ignitions in eastern
Washington. They found that there are two distinct types of lightning, associated with
“wet” and “dry” storms. Dry lightning occurs when the lower atmosphere is dry and
unstable, contributing to intense convection but little or no precipitation reaching the
ground. They also note that these same conditions contribute to dry, gusty winds that are
conducive to the rapid spread of wildfire. In contrast, wet lightning is associated with a
more conditionally unstable atmosphere and higher moisture levels in the lower
atmosphere. They found that a simple index of low-level moisture and instability

predicts dry lighting with good skill and exhibits a much stronger correlation with fire
ignitions than does the total number of lightning strikes.



Regional differences in elevation contribute to the most severe types of fire weather in
western North America.  The continental interior is generally higher than the inter-
mountain regions, which are in tum higher than coastal areas. Under normal conditions,
air masses in the mid-troposphere move eastward from the coast to the interior,
meandering through an alternating series of troughs and ridges. The Rocky Mountains
promote the formation of a semi-permanent high-pressure ridge over westem North
America and a corresponding low-pressure trough over central and eastern North
America. This circulation pattemn can be interrupted by the development of a blocking
ndge. characterized by an anomalous high-pressure system that remains quaststationary
over the far eastern Pacific Ocean or westemn North America for prolonged intervals.
These systems divert moisture away from the region immediately below and downstream,
and in some circumstances can lead to anomalous easterly winds. These “foehn™ or
*chinook™ winds warm and dry adiabatically as they move from the already warm and
dry continental interior towards the coast. Under these conditions surface temperatures
increase rapidly. relative humidity can plunge, and fuels can quickly become extremely
dry (Flannigan and Hamngton 1988; Johnson and Wowchuk 1993; Skinner et al. 1999).
Blocking events may be interrupted by the rapid passage of one or more low-pressure
systems that bring strong winds and potential ignition sources in the form of lightning
(Schroeder 1969). When the blocking ridge has been especially strong and persistent, the
extreme pressure gradient associated with cyclonic storms causes strong winds that result
in rapidly spreading wildfires of unusual severity (Countryman et al. 1969; Sando and
Haines 1972; Finklin 1973; Street and Birch 1986). Altemnatively, at the edge of these
high-pressure cells convective action alone can generate the winds (and ignition source)

that contribute to high severity buming conditions and rapid rates of fire spread.

3.4 Data

Annual area burned by wildfire in the Pacific Northwest was determined in each of the 20
National Forests for the years 1948 to 1995, from USDA Forest Service Annual Fire
Reports. Each year's observation was standardized relative to the area monitored for



wildfire to form a bumned area index (BAI) for each of the national forests considered.
This standardization was necessary because the area monitored for wildfire has not been
consistent over time, and consequently there are spurious trends in area burned that result
simply from the increase in area monitored. There ar also differences in the relative
areas of the national forests that make direct comparison otherwise difficult. The area
bumed data were available only as calendar-year totals, so no attempt to discriminate the
timing of events within the fire season was possible. I also considered a region-wide
composite BAI, defined as the area-weighted average of annual area burned in each of
the 20 national forests. This regional chronology provides a basis for companson for the
regionalization strategy that | use, which must exhibit better coherence than this region-
wide chronology in order to justify its additional complexity.

The upper-air observations consist of gridded measurements of 500 hPa geopotential
height values, taken from the National Centers for Environmental Prediction / National
Center for Atmospheric Research “reanalysis™ project (Kalnay et al. 1996). Among the
fields that were derived by the reanalysis, 500 hPa height is considered to be “well
defined by the observations™, and the reanalysis is not sensitive to model parameters
(Kalnay et al. 1996). Monthly means were used for this analysis. The spatial domain
considered included the region from 90° - 180° W, and from 30° - 75°N, with a

resolu.ion of 2.5° latitude by 2.5° longitude.

The temperature, precipitation, and Paimer Drought Severity Index (PDSI) data were
taken from the time bias corrected state climatic divisional data set (Guttman and Quayle
1996). The divisional data are derived from area-weighted averages of temperature and
precipitation over regions of relatively homogeneous climate, and are reported as
monthly means. These data probably represent conditions in the national forests better
than single station data due to this spatial integration. All of the meteorological data had

the annual cycle removed and were converted to anomaly values prior to analysis.



3.5 Methods

[ considered several possible methods of subdividing the study area into regions of
coherent fire patterns, including cluster analysis, classifications based on vegetation,
climate and fire regime, and eigenvector techniques. [ chose to use empirical orthogonal
function (EOF) analysis because it incorporates most of the advantages of the other
techniques considered. but has several key advantages. In particular, EOF analysis s
able to identify patterns in area burnied that might overlap in space (see Schroeder 1969).
For example. one mode of atmospheric variability may lead to a north-south dipole in
annual area burned. whereas another mode may cause an east-west dipole. Clustenng
and classification techniques would not be able tc discriminate these modes as each
national forest would be required to belong to a single group. Furthermore, even if the
simplest structure in the data is a simple aggregation of mdividual forests based on
geography or ecology. the EOF analysis should identify this structure.

EOF analysis has a rich tradition in climatological research (Preisendorfer 1988) but has
rarely been applied to ecological data. Similar methods are commonly used in ecology.
but with different terminology (McGarigal er al. 2000). EOF analysis is a type of
eigenanalysis that identifies structures that explain the maximum amount of variance in a
two-dimensional data set. In this application the structure dimension consists of 20
national forests, and the sampling dimension is time, with 48 years. Eigenanalysis of this
matrix produces a set of spatial structures in the first dimension (EOFs), and a
corresponding structure in the sampling dimension (principal component (PC)). Each PC
describes the variability of the associated EOF over time. Each EOF is orthogonal to all
other EOFs, and each PC is similarly orthogonal to all other PCs. Each EOF / PC pair
has a corresponding eigenvalue that describes the vanance explained by the pair.
Alternatively, suppose that the input matrix, A, consists of n rows (years) and m columns
(national forests). The EOFs can be considered the eigenvectors of ATA. and the PCs can

be considered the eigenvectors of AA".
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Each EOF consists of loadings for each national forest, which here represent the
covariance between the BAI from that national forest and the PC. The EOFs can be
interpreted as a pattemn in area burned that is strongly expressed during years when the
PC exhibits a large value, and is weakly expressed when the PC exhibits a small value.
Positive loadings at a site therefore correspond to large fire years when the PC has a
positive value. Because the patterns are linearly defined, the EOFs and PCs can
arbitrarily be multiplied by - | and the interpretation will not change. Thus, negative
loadings also indicate large fire years when the PC exhibits a large negative value. In the
case that a given national forest loads weakly on a particular EOF (i.e. has a loading near
zero) then variability in the associated PC does not provide any information about area

burned on that national forest.

I applied four types of EOF analysis to the BAL using correlation and covanance
matrices. and (Varimax) rotated and unrotated solutions (Preisendorfer 1988; Yarnal
1993). The Vanmax rotation is intended to simplify the structure of the eigenvectors by
concentrating the vaniability within each principal component (PC) on a small fraction of
the input vaniables (Kaiser 1958; White et al. 1991). Ideally, the vanance for a given
variable is explained primarily by a single PC, and minimally by the remaining PCs.
Rotation of the initial solution also avoids potential problems associated with the domain
shape (Legates 1991; Richman 1993). The statistical significance of the solution was
assessed by calculating a 95 percent confidence interval around the eigenvalues (North et
al. 1982). This confidence interval can be used to assess whether the structures identified
represent true “modes” in area burned. If there is a large overlap in the confidence
intervals around the eigenvalues the spatial structures described by the EOFs are probably
not stable, because any linear combination of the overlapping eigenvectors is equally
significant. The confidence intervals can also be used to guide the decision on how many

PCs to retain.

The atmospheric circulation anomalies associated with each EOF were determined by

regressing the 500 hPa anomaly field onto the associated PC time series. Suppose P is a



I x n vector of the PC time series, and H is an n x m matrix of 500 hPa height
anomalies for a given month of the fire season. Here m mdicates the number of
gridpoints for which 500 hPa height anomalies were considered. Using matnx notation,
the vector K can be calculated as:
K=n"'PH [3.1]
Where K is of length m, and can be mapped to show the anomaly field associated with a
one-standard-deviation perturbation in P. These maps are commonly called spatial
regressions, or projections, because a time-varying spatial field is being regressed (or
projected) onto a time-varying vector. Maps of K were developed for each month of the

fire season (May - September).

The variance in P that can be explained by K can be estimated by calculating the
expansion coefficient time senes of K:

k = HK {3.2]
which provides a vector describing the variability K over time. That is, when K is
strongly expressed then & will be large; when conditions are opposite to K then k will be
negative: when 500 hPa conditions are very different from K then & will be close to zero.
The correlation between & and P provides an estimate of the vanation in P that can be
linearly explained by . but should be interpreted cautiously as K was initially defined
using P. Similar time series can also be defined from the map composites generated in
the superposed epoch analysis. Because these composites were generated from a subset
of the data (from five years in most cases) the correlation between k and P 1s based
largely on independent data and is therefore a more robust estimate of the strength of the

linear association between atmospheric variability and area burmed by wildfire.

The statistical significance of the association between P and each gridpoint of H was
determined using Spearman’s rank -order correlation coefficient. Spearman’s coefficient
is a non-parametric statistic comparable to Pearson’s product-moment correlation, but it
is suitable when the assumptions of Pearson's correlation are not met, or when there is

uncertainty regarding the quality of the data measurements (Zar 1999). In this analysis



the BAI distribution is not normally distributed at many of the national forests. Also,
variability in fire suppression policies and practices, differences in area monitored, and
complexities in the relationship between fire extent, behavior and effects, suggest that the
BALI is at best a first-order approximation of the severity of the fire season. Spearman'’s
correlation coeflicient is also more conservative than the Pearson correlation coefficient.
Consequently, it is almost certainly a more robust measure of the strength of the

association between circulation anomalies and annual area bumed.

This analytical approach assumes that there is a linear association between atmospheric
variability and wildfire activity. It is possible however that extreme wildfire years may
occur under a much narrower set of climatic conditions than less extreme years. In this
scenario the linear association could appear quite weak, and the underlying forcing
pattern might be missed altogether. In order to assess this scenario I used superposed
epoch analysis (SEA) to characterize the 500 hPa height anomalies during the smallest
and largest fire years. A specific form of SEA has been employed extensively in fire
ecology (e.g. Swetnam and Betancourt 1990; Swetnam and Betancourt 1998; Gnssino-
Mayer and Swetnam 2000); here [ use a more general form. The five years with the
largest area bumed and the five years with the smallest area burned were identified based
on the BAI (or the PC time series, depending on the analysis). The mean and standard
deviation in the 500 hPa height field for the large and small wildfire years were
calculated. A two-samples t-test was used to identify regions where 500 hPa height
anomalies are significantly different between the epochs. For display purposes, the
small- fire-years composite was subtracted from the large- fire-years composite to
emphasize the difference in circulation between the two epochs. Additionally, the map

composites were compared to the spatial regression maps for consistency.

The rcle of antecedent climate conditions in preconditioning forests for large wildfire
years was explored using cross-correlation analysis. The correlation between the regional
BAI (and PCs), and total precipitation, mean temperature, and PDSI, was calculated for
cach month of the fire season (May to September) as well as the 12 preceding months.



These results provide some insight into the relative roles of seasonal-scale climatic
vanability and shorter-term (presumably synoptic-scale) processes in driving large
wildfire years. Similar to the analysis of 500 hPa described above this cross-correlation
assumes a linear association between area bumed and antecedent climate. For
comparative purposes | also calculated composite maps showing the mean PDSI for the

most extreme wildfire vears.

3.6 Results and Discussion

3.6.1 Composite Burned Areua Index

Projecting the 500 hPa height field onto the region-wide composite BAI reveals a
significant association between increases in area burmed and increases in 500 hPa height
over western North America during June, July and August (Figure 3.2). This pattern is
consistent with the development of a high-pressure blocking ridge upstream from the
study area. which would divert storm tracks out of the region and reduce relative
humidity. These events can also cause extremely warm and dry easterly winds that
dramatically increase the fire hazard. Additionally, there is a significant correlation with
lowered 500 hPa heights in the central and northem Pacific Ocean in August, which
would enhance the east-to-west pressure gradient and cause air to flow from the

continental interior down to the coast, warming and drying in the process. This pattern is

most similar to the Great Busin High fire weather pattem described by Schroeder (1969).

which he characterized as occurring when a portion of the Pacific High moves into the

intermountain region and stagnates there.
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Figure 3.2 The 500 hPa height anomaly field projected onto the regional BAL. This

pattern describes the atmospheric variability associated with a 16 perturbation in
BAI The contour interval is 5 meters, with positive anomalies indicated by a
solid contour, negative anomalies by a dashed contour, and the zero line not
shown. Dark shaded regions indicate that the correlation is significant at 95

percent confidence.
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The correlation between the expansion coefficient time-series of the projected patterns

and the regional BAI ranges from 0.35 to 0.51 over the fire season (Figure 3.3. triangles).

This correlation improves substantially when either the maximum or mean fire-season
value is considered (r = 0.58 and 0.65 respectively). This finding is consistent with the
hypothesis that several weeks of fire-conducive weather at any point in the fire season
can lead to increases in area burned, but that the timing of fire weather is less important
than the magnitude (i.e. maximum blocking index) or persistence (i.e. mean blocking

index).
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Figure 3.3 The correlation between the expansion coefficient time-series of the 500 hPa
map pattern associated with: all years (triangles); the five largest fire years
(diamonds); the five smallest fire years (circles), and the composite BAL. The
correlation was calculated for all months of the fire season as well as the

maximum and mean fire season indices.

The magnitude of the 500 hPa height anomalies shown in Figure 3.2 are relatively
modest — only ca. |5 m (approximately 0.5 standard deviations). This result implies
either that area burned is very sensitive to 500 hPa height anomalies, or that there is a lot
of noise in the model. Some insight into the relationship can be gained by considering
the results of the SEA (Figure 3.4). Composite maps of the five smallest and five largest
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fire years indicate a strong association between increased (decreased) 500 hPa height

and increased (decreased) area bumed. The magnitude of these 500 hPa height anomalies
is substantially larger than seen in the map projections, although the structure of the
patterns is very similar. These results suggest that especially small and large fire years

are more sensitive to atmospheric variability than are moderate fire years. Indeed,
projecting the 500 hPa height field onto the BAI for the remaining years (not the five
smallest or largest fire years) reveals virtually no association between atmospheric
variability and fire extent (results not shown). Interpreted together these results suggest
that extreme fire years (both large and small) are sensitive to variability in the mud-

troposphere but more moderate fire years are not.



Figure 3.4 Difference in the 500 hPa height field between the five largest and smallest
fire years in the regional BAI. Contour intervals are as in Figure 3.2. Regions
where the difference between large and small fire years are significant at 95
percent confidence (two-samples t-test used) are indicated by dark shaded

regions.

By deriving the expansion coefficient time series of the large and small fire year

composite maps it is possible to calculate the comrelation between the patterns identified
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in the SEA and area bumed. Unlike the analysis described above these time series are
largely independent of the BAI data, and probably provide a more robust estimate of the
strength of the linear association between atmospheric circulation and wildfire activity.
The correlation between the index based on the large fire years composite and area
bumed is significant, and suggests at least a moderate linear association between the
blocking structure and wildfire activity (diamonds in Figure 3.3). In contrast, the
correlation between the index based on small fire years and area burned is very weak

(circles in Figure 3.3), and provides little support for a linear relationship.

Scatter plots of these indices versus BAI provide some insight into the nature of the
association between blocking (cyclonic) activity and large (small) wildfire years (Figure
3.5). The large fire year composite index suggests that the atmosphere imposes a strong
constraint on fire activity. Eight of the 10 largest fire years occur during summers with
positive mean blocking index values. Only 1977 stands out as a year with a high
blocking index value but little wildfire activity. In contrast to this control on large
wildfire years, only five out of the 10 smallest wildfire years occur under negative mean
blocking index conditions. The scatter plot of the small fire composite index versus BAl
presents a less obvious picture. While eight of the 10 smallest fire years occur under a
positive index, a number of very small fire years also occur under a strongly negative
index. There are several possible explanations for this scenario: (1) the conditions that
contribute to very small fire years may be more spatially heterogeneous than was
observed for large fire years. That is, a wide range of conditions may lead to small area
bumned in any given year. This interpretation is consistent with the observation that the
larger fire years exhibit an inverse association to this index whereas the smaller years
exhibit much greater scatter. (2) The time scale associated with the conditions that lead
to particularly small wildfire years may be shorter than a month, and therefore are not
evident in the monthly climatic variables considered in this analysis. For example, even a
few days of heavy rain could suppress any active wildfires and reduce the probability of
new ignitions even in the event of weather conditions that would otherwise be highly
favorable for wildfire activity. (3) The fire data themselves may be spatially



heterogeneous. That is, there may be a narrow range of conditions that lead to region-
wide reductions in area bumed, but a more diverse set of conditions that lead to more

localized reductions. This last possibility is explored in greater detail in the next section.
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Figure 3.5 Scatter plots of the mean annual large- fire-composite index (circles) and

smull- fire-composite index (diamonds) versus regional BAI.

In order to assess the role of antecedent climate in preconditioning forests to bum [
calculated lagged correlations between BAI and monthly PDSI, temperature and
precipitation for the interval starting one year prior to the fire season. The correlation
between BAI and PDSI exhibits a region-wide coherence, with increases in area bumed
associated with increased drought throughout spring and summer of the current year
(Figure 3.6). The association with PDSI in the winter preceding the fire year is weak.
and does not exhibit spatial coherence, suggesting that winter climatic vanability does

not exert an important control on wildfire activity.
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Figure 3.6 Lagged correlation between the regional BAI and PDSI. Inverse correlations

are shown in red, and indicate a correspondence between increases in area burned

and enhanced drought conditions.

The correlations with precipitation and temperature exhibit patterns consistent with the
results for PDSI (not shown). Increases in area burned are associated with increased
temperature in March through August. There is a weak association with cooler than
average temperatures in the preceding autumn, and to above average temperatures in the
preceding summer. The association with precipitation is more highly variable, with

strong correlations exhibited only at the height of the fire season; increases in fire are
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associated with reduced precipitation in June through August of the fire season. Prior

to April of the fire year the correlations to precipitation are generally weak. exhibit both
positive and negative signs, and show no obvious pattem. Interpreted together, these
results suggest that the combination of temperature and precipitation is more important in
preconditioning forests to burn than either of them individually.

In order to estimate the strength of the association between regional drought and area
bumned | calculated the average monthly PDSI value for all climate divisions in

Washington and Oregon. The correlation between this regional PDSI record and area
bumned is -0.31. -0.30 and -0.37 for the months of June through August respectively. The
magnitude of this correlation decreases rapidly both before and after the fire season, with
nor-significant correlations exhibited in April before the fire season (=-0.25) and in

October following the fire season (r=-0.25).

The results presented here suggest that climatic vanability is an important cause of
variation in area bumed by wildfire in the Amenican Northwest. Blocking ndges. evident
in the S00 hPa height field. contribute to increased drought stress in spring and summer
of the fire year. These soil moisture deficits presumably reduce fuel moisture contents,
increasing the flammability of the landscape. The associations observed in this analysis
were limited primarily to spring and summer months, implying that variability in winter
conditions contributes little to wildfire activity in the following summer. This finding has
important implications for the forecasting of seasonal wildfire seventy, as wintertime
climatic vanability is much better understood than summer-time variability (Kumar and
Hoerling 1998). Similarly, El Nifio / Southern Oscillation (ENSO) and Pacific Decadal
Oscillation (PDO) express themselves most strongly in winter months in the Pacific
Northwest (Ropelewski and Halpert 1986; Yamal and Diaz 1986; Mantua er al. 1997;
Zhang et al. 1997; Gershunov and Barnett 1998), implying that skillful ENSO or PDO

torecasts would contribute little information to a fire season forecast.



ENSO is a pattern of ocean-atmosphere vanability that is charactenzed by episodic
warming (cooling) in the western tropical Pacific and weakened (strengthened) trade
winds. The North Pacific Ocean typically exhibits an enhanced (weakened) wintertime
PNA pattern in response to warm (cool) ENSO events (Yamal and Diaz 1986).
Attendant teleconnections cause the Pacific Northwest normally to be warm and dry (cool
and wet) (Ropelewski and Halpert 1986; Yamal and Diaz 1986). The retum interval for
strong ENSO events is typically three to seven years. The PDO is an ENSO-like pattemn
of vanability, with similar teleconnections, but is most strongly expressed in the extra-
tropical North Pacific (Mantua er al. 1997). It is charactenzed by vanability at
interannual to interdecadal scales, but also appears to shift abruptly between warm and
cool mean states every few decades (Mantua ez al. 1997; Gedalof and Smith 2001b).
Cool conditions persisted from ca. 1925 to 1947, and from 1977 to ca. 1989, and warm
conditions persisted prior to ca. 1925 and from 1947 to 1977 (Mantua er al. 1997; Hare
and Mantua 2000).

In order to test the hypothesis that these pattems are not important forcing mechanisms

for extreme wildfire years | compared BAI during warm (i.e. El Niio) and cool (La Nina)
ENSO years, and in the warm and cool phases of the PDO using a two-samples t-test.
These tests confirmed that there is no significant difference in area bumed between warm
and cool ENSO events (p = 0.255) and between warm and cool PDO regimes (p = 0.178).
As an additional measure I calculated the Pearson correlation coefficient between the

Cold Tongue Index (CT!), an index of ENSO activity (Zhang et al. 1997). the PDO index
(Mantua er al. 1997), and the regional BAI. This analysis supported the finding that there
is no association with ENSO activity (r =-0.01, p = 0.953), but suggests that there is at
least a2 modest association between the PDO and area burned (r = 0.40, p = 0.005). This
latter disparity can be explained by the fact that interannual variability in the PDO often
exceeds the inter-regime variability (Figure 3.7). Although only six out of the 10 largest
fire years occurred during the warm phase of the PDO, seven of the 10 largest years
followed winters when the PDO index was positive, and eight of the 10 smallest fire

years occurred following winters when the PDO index was negative. Presumably



wildfire extent is more closely related to this higher- frequency vanability than to the
lower-frequency regime-scale variability. Nonetheless, this finding does imply that in the
long run there will be increases in area bumned during the warm phase of the PDO,

because the PDO index will be, on average, higher during these regimes. It is likely that

the short time series considered in this analysis (less than one complete cycle of the PDO)

does not provide a sufficiently large sample to detect this difference. Alternatively. there

may be a signal related to fire management practices that obscures the underlying nature

of the relationship.
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Figure 3.7 (Upper panel) scatterplot of mean winter (Oct. to March) PDO index versus
regional BAl. Warm PDO regime years (1978 - 1994) are indicated by a

diamond, and cool years (1949 to 1976) are indicated by a circle. (Lower panel)

the time evolution of the PDO index, showing the transition from cool to warm

conditions between 1976 and 1977.
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3.6.2 Regionalized Burned Area Indices

The four applications of EOF analysis all identified similar dominant patterns of

vanability. although there were subtle differences in structure and variance explained
depending on the EOF parameters. The results | present here are based on the correlation
matrix and an unrotated solution. The use of a correlation matrix minimizes biases that
could be introduced by the relative sizes and spatial arrangement of the national forests
(Karl et al. 1982), and differences in the fire regimes of the different locations and forest
types (Franklin and Dymess 1973; Agee 1993). While the application of the Vanmax
rotation did not change the dominant pattems of variability substantially, it did increase

the number of eigenvalues that were statistically greater than 1.0, thereby unnecessanly

complicating interpretation.

The leading four eigenvectors were retained from the EOF solution, collectively
explaining 52 percent of the variance in area bumed in the 20 national forests

(Figure 3.8). Although eigenvalues 5 and 6 were also greater than 1.0 at 95 percent
confidence [ found that the structure of the EOFs was unstable, depending on the
dispersion matrix used and whether or not the solution was rotated. and so they were

excluded from further examination.
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Figure 3.8 Eigenvalue spectrum for the EOF analysis of BAI at the 20 national forests.

Confidence intervals are calculated after North et al. (1982).

The leading mode of variability (EOF- 1) is characterized by increases in area burned
throughout most of the region. although the national forests in northwestem Washington
and central Oregon load weakly on this EOF (Figure 3.9a). The national forests that load
strongly on EOF- | comprise a wide range of forest types, however all of them contain
substantial tracts of Douglas- fir dominated or co-dominated stands. Ponderosa pine is
also well represented among the forests that load strongly on EOF-1; only Ochoco and
Winema National Forests contain a large ponderosa pine component but load weakly on

EOF-1. None of the more mesic forest types load strongly on this EOF.
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Figure 3.9 Loading values (x100) for the leading four EOFs of area bumed. EOFs |
through 4 explain 17, 13, 12 and 10 percent of the vanance in BAI respectively.

Projecting the 500 hPa height field onto PC- 1 reveals a significant association between
this pattern in buming and positive height anomalies over westemn North America
(Figure 3.10). This feature appears to migrate southwestward over the course of the fire
s=ason, starting out in central Canada in May and ending up over the central North
Pacific in September. While the feature is absent in July the mean circulation conditions
in this month do not normaily inhibit fire ignition or spread. One possible interpretation
of this result is that the differences between small and large fire years are driven by
events that occur outside of the fire season maximum. That is, because mid-summer
climatological conditions are naturally conducive to wildfire actvity. vanability in area
bumned is most sensitive to conditions in the early or late fire season. Although the
apparent migration of this blocking feature is consistent with the Great Basin High
pattern described by Schroeder (1969), the time evolution seen here is clearly much

longer than he intended.



September
Figure 3.10 The 500 hPa height anomaly field projected onto the PC- I (contours and

significance shown as in Figure 3.2).

Map composites of 500 hPa height anomalies for the five smallest and largest fire years
captured by PC-1 are consistent with the relationships seen in the spatial regressions
(Figure 3.11). The five largest fire years are characterized by pronounced positive height
anomalies over western North America in May, June, July and August, and, except for
July. negative height anomalies over the central Pacific. In spite of the few degrees of
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freedom in this analysis the difference between small and large fire years is statistically

significant in May, June and July (p<0.05). The map projection for September reveals a
significant association to anomalous high 500 hPa heights over the central Pacific and
reduced heights over western North America. These patterns are nearly identical to those
identified in the analysis of the regional BAI (sce Figure 3.2), but in every month
considered the magnitude of the 500 hPa height anomalies observed is greater for PC-1
than for the regional BAI. This finding implies that the EOF analysis is effectively
capturing the coherent signal in the area bumned record, and that atmospheric forcing 1s
responsible for at least some of the coherence in this signal. This result could be due to
the efficiency of eigenvector techniques at extracting meaningful pattemns from noisy data
(Gauch 1980), or it could be that the regional BAL is in fact composed of multiple signals
- only one of which is forced by this pattern of atmosphenc vanability.
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Figure 3. 11 Difference in the 500 hPa height field between the five largest and smallest
fire years represented by PC-1. Contours and statistical significance shown as in

Figure 3.4.

Lagged correlations between PC-1 and PDSI suggest that increases in area bumned are
associated with enhanced regior-wide drought in the winter, spring and summer leading
up to the fire season (Figure 3.12). Consistent with the results from the 500 hPa height
field the magnitude of the correlation coefficients is greater for the EOF results than for
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the regional BAI. For comparison, the correlation between PC-1 and the mean

Washington and Oregon PDSI is -0.59, -0.55 and -0.61 for June, July and August,

respectively, of the fire season. This correlation remains significant at increasing lags,

back to October of the preceding year.

Sept ember | Q)

June O

Jul yi O

Mary( 0) Apral (0

3L =
.~ &
- -3
~ - -

Fedbr ua- vt 2 January Q)
> '."xz. — TS T —

‘)' - Lo .

LS ) . A >,
F ‘3 . [ "}S B

e . -

— > T b
. She— —

357 T TN T—
PR N :_'tzﬁ‘(\ .
v e 5 S
T T P> O
b e s R .
< o <
. :—” ) ‘\\ —
Auguet A duib g - 1)
S 24
M [t P =
ﬁr p .:\\\8{‘\ ot SN
¢ A { el el s
T~ S = > j_ -
v ~ o ~
'k\\“:' T
Mayt ', Ap Vo 1
N L]
>0.5 0.3 0.1 0.1 0.3 <0.5

Figure 3.12 Lagged correlation between PC-1 and PDSI. Inverse correlations are shown

in red and indicate a correspondence between drought and increases in area
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Interpreted together these results suggest that this pattern of wildfire vanabulity is

associated with drought conditions that initiate in the preceding winter and persist
through the wildfire season, accompanied by summertime blocking events. This pattem
is consistent with the climatic conditions associated with increased area burned in the
American Southwest where increased wildfire is associated with anomalous dry weather
preceding the fire season (Swetnam 1990; Swetnam and Betancourt 1998). Unlike
Swetnam and Betancourt, (1998). however, 1 did not find a correlation to increased PDSI
in the year prior to wildfire activity. This disparity may be attributable to differences in
the relative abundance of fine fucls between the two environments. In some Southwest
forests the abundance of fine fuels is attributed to herbacious production. In contrast, in
the Pacific Northwest perennial shrubs, woody debris, and fallen needles typically
dominate. This latter fuel type is rarely patchy enough to limit the spread of wildfire
(Agee 1993).

The second EOF of area bumed is characterized by a northeast-southwest dipole
(Figure 3.9b), with increases in area burned at Colville, Okanogan, Wenatchee and (to a
lesser extent) Nez Perce and Wallowa-Whitman National Forests. corresponding to
reductions at Siskiyou, Umpqua and Rogue River National Forests. There are important
differences between the two regions in terms of their ecology: Colville, Okanogan and
Wenatchee contain extensive stands of pure Douglas-fir. Siskiyou, Umpqua and Rogue
River represent a transitional zone between the temperate fores's of the Pacific Northwest
and the drier, more Mediterranean forests of the Pacific Southwest. These latter forests
also contain a large portion of red fir that is distinct within the study region. However
these two centers of action also exhibit strong similarities to other forests of the region, in
terms of their composition and fire regime, that do not load particularly strongly on this
EOF. This observation, along with the strong spatial arrangement of the EOF loadings,
suggests that the pattern is driven largely by top-down (i.e. atmospheric / climatic) rather

than bottom-up (i.e. ecological) controls.
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Projecting the 500 hPa height field onto PC-2 reveals generally weak associations with

atmospheric circulation. The only significant association that seems relevant occurs
during July, and is characterized by increased 500 hPa heights over western North
America and decreased heights over the Gulf of Alaska (Figure 3.13). This pattem
resembles the summertime Pacific North America (PNA) pattern (Knox and Lawford
1990), and is virtually identical to patterns associated with severe wildfire years in
western Canada (Johnson and Wowchuk 1993; Skinner et al. 1999). The PNA-like
structure is also present in the map composites of the five largest fire years (results not
shown). These results can not be directly compared to the regional BAI map composites
because large positive values indicate increases in area bumed in the northeastem portion
of the region but reductions in area bumed in the southwest; the five minimum values
indicate the opposite scenano. Therefore the five smallest values do not indicate small
fire years, but rather years when there were increases in area bumed in the southwest and
reductions in the northeast. Additionally. the PC-2 time series indicates only one extreme
negative anomaly, implying that a composite of the five minimum values is not likely to
represent a coherent signal. Nonetheless, the composite maps do indicate the presence of
reduced 500 hPa heights over the North Pacific / Gulf of Alaska during high PC-2 index
years in the months of May. June and July. It is unclear from the inferred circulation why
this pattern would lead to enhanced area burned in the northeast but reduced area burned
in the southwest. The PNA has been shown in winter months to divert precipitation away
from the Pacific Northwest northwards into British Columbia and Alaska, with a second
storm track often directed into the southwestern United States (Trenberth and Hurrell
1994). In summer months this pattemn could deliver precipitation to southern Oregon,
reducing the fire hazard there, while diverting precipitation away from northem
Washington and thereby increasing the fire hazard there.
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Figure 3.13 The 500 hPa height anomaly field projected onto PC-2 (contours and
significance shown as in Figure 3.2).

Lagged correlations between PC-2 and PDSI reveal very weak correspondence between
area burned and antecedent drought conditions (results not shown): there is a small
inverse correlation between PC-2 and PDSI for climate divisions along the westemn flanks
of the Cascade Mountains, and in Idaho, over winter, spring and summer of the fire
season. Given the overall weak correlation to PDSI, and that the correlation is primarily

to drought west of the Cascade Mountains, it is unlikely that there would be a strong
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association to the regional drought signal. Indeed. the correlation to mean Washington
and Oregon PDSI is not significantly different from zero at any point of the fire season or
the preceding months. (r = -0.06, -0.09 and -0.11for June. July and August respectively).

These findings suggest that a summer PNA pattem can contribute to a northeast-
southwest dipole in area bummed. This pattem may be weakly modulated by local
drought, but is not controlled to any significant extent by regional drought sevenity. This
pattern appears to be related to the arrangement of the national forests in space rather
than their underlying ecology or fire regime. The EOF / PC pair that was identified in
this analysis is clearly not a simple linear pattern, though. and is probably not well
defined by the analysis. Additionally. the record of area burned is probably too short to
capture enough “extreme” fire years to develop good map composites of this mode in

annual area bumed.

EOF-3 is characterized by increases in area bumed in Olympic, Mount Baker-
Snoqualmie, Siuslaw, and Willamette national forests, and reductions at Siskiyou,
Umpqua, Ochoco, Malheur and Umatilla national forests (Figure 3.9¢). This pattemn is
consistent with increased fire activity at the wettest forests of the region - in particular at
the two national forests with temperate rainforest components — but also at Mount Baker-
Snoqualmie and Willamette, which have extensive westemn hemlock and Pacific silver fir
components. Although Siskiyou National Forest also contains these mesic forest types
they are generally restricted to a narrow coastal band that is defined by the landward
extent of fog occurrence. Beyond this fog belt the forests are characterized by much dner
vegetation types than occur at more northern coastal forests (Franklin and Dymess 1973),

and historical fire occurrence is generally more frequent and less severe (Agee 1991a).

Projecting the 500 hPa height anomaly field onto PC-3 reveals virtually no linear
correspondence between atmospheric circulation and annual area bumed (results not
shown). In contrast, however, the map composites indicate an association between

persistent blocking features over western North America and the five most extreme fire
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years represented by PC-3 (Figure 3.14, left panel). This relationshup is more readily

apparent if the (only) three very large events contained in the record are considered
(Figure 3.14, right panel). This 500 hPa height surface is similar to the blocking
structures identified for the regional analysis (see Figure 3.4) and for PC-1 (see Figure
3.10), however the system appears to be located further west throughout most of the fire
season. This pattemn would be especially conducive to anomalous easterly winds in the

coastal region, as air circulates clockwise around the high.
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Figure 3.14 (left) Difference in the 500 hPa height field between the five maximum and
the five minimum values of PC-3 (contours and significance shown as in Figure
3.4). (right) Composite map of the three large fire years (1951, 1967 and 1988)
represented by PC-3 (contours shown as in Figure 3.2).



Lagged correlations to the PDSI reveal a weak association between area burned and
drought in westem Washington during the fire season. Therc is a weak positive
correlation to PDSI in the winter and spring preceding the fire season. This result seems
counter-intuitive, because these forests are typically too moist to carry fire in most years.
One possible explanation for this result is that these forests are strongly ignition limited.
That is. drought conditions alone may not lead to increases in area bumed unless there is
also a source of ignition. Additionally, because there have been very few large fire years
in Olympic and Siuslaw National Forests (and therefore in PC-3) linear analyses will
almost certainly fail to identify the causes of these extreme fire years. In order to
investigate this possibility | developed composite maps of the (only) three large fire years
represented by PC-3 (Figure 3.15). This analysis reveals good correspondence between
drought west of the Cascade Mountains and large area burned for the interval beginning

in the preceding fall and continuing through the fire season.
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Figure 3.15 Composite PDSI values for the three largest fire years (1951, 1967 and1988)
represented by PC-3.

These results imply that in the northwestern coastal forests large fire years occur only
when drought persists through several seasons leading up to the fire season, followed by
summertime circulation anomalies that favor hot, dry easterly winds. This pattern is
consistent with the ecology of these forests, which tend to be characterized by complex
age structures and abundant woody debris, but a microclimate that favors high relative
humidity and rapid decomposition of organic material (Chen er al. 1999). This

environment contains substantial potential fuel, but requires exceptional circumstances to
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dry out the landscape sufficiently that it will bum readily (Agee 1993). These forests

may also be ignition limited. so that even when fuels are dry increases in area burned by

wildfire may not necessarily follow.

EOF-4 is characterized by increases in area bumned at a few national forests in southemn
Oregon (Fremont, Winema and Deschutes) as well as at Nez Perce National Forest, and
reductions at most other forests. These forests are among the driest of the region, and are
all characterized by extensive stands of lodgepole and ponderosa pine. Summertime
precipitation often totals less than 2 cm, and temperatures are the highest of the study

area (Jackson and Kimerling 1993). The 500 hPa height field associated with this pattern
in buming is significantly lower than normal over westem North America in June, July

and September, although the magnitude of these departures is generally quite small

(results not shown).

The SEA again shows a stronger and more consistent relationship (Figure 3.16) than the
map regression. Large values of PC-4 occur when very low 500 hPa heights persist over
the study region throughout much of the summer. At these particularly dry forests this
circulation pattem would bring summer cyclones with lightning and strong winds, but
potentially very little precipitation, thereby providing a source of ignition and a cause for
rapid wildfire spread. In contrast. these same storms could deliver significant rainfall to
regions west of the Cascade Mountains and to more northerly interior regions, thereby
reducing the fire hazard at those forests. The five minimum values of PC-4 are

associated with approximately opposite conditions ~ that is, anomalous high pressure
over western North America. This pattern is comparable to the blocking ridges described
above, and would lead to increases in area burned (at those forests which load negatively
on EOF-4) for the reasons already discussed. Most of the forests that load strongly
negatively on EOF-4 load weakly on EOF-1, the other pattern in buming that shows a
good relationship to persistent blocking features. These results imply that most of the

forests of the region do show increases in area burmed in response to blocking events, but



that there are differences in either the atmospheric forcing or the ecological response to

these events.

Small Years:1951 1990 1994 1970 1987
Large Years:1992 1988 1977 1981 1955

Figure 3.16 Difference in the 500 hPa height field between the five maximum and the

five minimum values of PC-4 (contours and significance shown as in Figure 3.4).
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Some msight into the cause for these differences can be gained by examining the

lagged correlation to PDSI: there is a modest correlation between PC-4 and drought
occurrence east of the Cascades crest for the entire year preceding the fire season, and
between PC-4 and reduced drought stress west of the Cascades during the fire season
(Figure 3.17). This result suggests that summertime cyclones lead to increases in area
bumed east of the Cascades most commonly when the region is experiencing long-term
soil moisture deficits. The increased moisture west of the Cascades is consistent with the
hypothesis that summertime cyclones are delivering precipitation only to the coastal
region. The forests that load negatively on EOF-4 therefore tend to exhibit increases mn
area burned when the PDSI is negative - a response that is distinct from the relationships
seen for PC-1. The exception to this finding is Olympic National Forest, which 1s located
in the region charactenzed by a positive correlations to summertime PDSI; increases in
area burmed therefore correspond to enhanced fire-season drought. This response i1s
similar to the relationship identified for PC-3, but the persistence of the antecedent
drought is much shorter. One possible explanation, that cannot be venfied by the current
analysis, is that this eigenvector is capturing varability at stands within Olympic

National Forest that are located in the rainshadow of the Olympic Mountains, and
therefore do not require long preceding drought in order to bum.
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Figure 3.17 Lagged correlation between PC-4 and PDSI. Inverse correlations are shown

in red and indicate a correspondence between drought and increases in area

burned.

Correlations between the four PC time series and the CTI and PDO index reveal
significant associations only between PC-1 and the PDO (Table 3.2). Furthermore, a

difference of means test identified a significant difference in area burned (as represented



by PC- 1) between the warm and cool PDO regimes (Figure 3.18). No statistically
significant association with ENSO was found for any of the PC time series. These results
are consistent with the climatic impacts of the PDO, which are expressed most strongly
as reduced wintertime precipitation (Mantua et al. 1997; Gershunov and Bamnett 1998;
Barlow ¢t al. 2001). PC-1 exhibits the strongest and most consistent relationship to
drought of the patterns identified here. While PC-3 also exhibited good correspondence
to drought. the lack of a linear relationship suggests that drought alone is not sufficient to
tigger large wildfires.

Table 3.2 Pearson correlation coefficients for indices of area bumed and

ENSO and the PDO

BAI PC-1 PC-2 PC-3 PC-4
R-ENSO' -0.009 0.272 -0.052 -0.056 0.227
R-PDO' 0.403 0.422 0.018 0.173 0.125
t-test ENSO® 0.255 0.275 0.646 0.923 0.740
t-test PDO" 0.178 0.047 0.652 0.204 0.179

I Pearson product moment correlation; r 2 0.25 is significant at 95 percent confidence level. Mean
October to March index used for both the CTl and the PDO index.

2. P-value from t-test shown.
Statistically sigmificant results (a=0.05) indicated by bold script.
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Warm PDO phase years (1978 - 1994) are indicated by a diamond. and cool phase

years (1949 to 1976) are indicated by a circle.

3.6 Conclusions

The results presented here provide evidence for a climatic component in forcing extreme
wildfire years. The application of EOF analysis to the area bumed record revealed four
distinct patterns in area burned: each in turn was related to underlying geographic and
ecological factors. Throughout the region, increases in annual area bumed are associated
with increased 500 hPa heights over western North America and the adjacent North
Pacific Ocean. These blocking ridges divert moisture away from the region, raising air
temperatures and reducing relative humidity. In extreme cases, this circulation pattern
can lead to anomalous easterly “foehn” winds that warm and dry as they descend
adiabatically from the continental interior. Extended antecedent drought preconditions
many of the forests of the region to burn; in particular mesic to wet highly productive
forests dominated by Sitka spruce and western hemlock. These forests typically have
substantial fuel loads, but require remarkable circumstances to become flammable. The



relationship between circulation anomalies and area bumed is weakly linear in nature,
with particularly large fire years exhibiting a stronger association to circulation anomalies
than either modest or small fire years.

The finding that many of the national forests respond to similar pattems in atmospheric
circulation and drought has implications for the suitability of eigenvector techniques in
discriminating true “modes” in area burmed, because the patterns in area burned are
unlikely to be entirely independent of each other. Furthermore, the linearity assumption
of PCA does not appear to be appropriate either, as small fire years are not simply the
inverse of large fire years in their underlying forcing agents or spatial arrangement.
Nonorthogonal rotations could potentially overcome some of these limitations, and their

suitability for analyses of this type menits further investigation.

The principal findings of this analysts are:

e Region-wide increases in area bumed are charactenzed by enhanced drought in the
seasons preceding the fire season, followed by increases in 500 hPa height over
western North America and the eastern Pacific Ocean throughout the fire season.

e Distinct ecological characteristics modulate the response to atmospheric forcing, with
wetter forests requiring more severe drought and prolonged blocking to bum than
drier forests, which may respond to blocking events without antecedent drought.

e The PDO appears to influence wildfire activity, although area burned appears to
respond to annual to interannual fluctuations in the PDO more strongly than to
interdecadal regimes. It is unclear from this analysis whether the PDO influences
wildfire activity through its influerice on drought severity (i.e. largely a wintertime
cennection) or by altering the statistics of summertime circulation. No significant
association to ENSO was found for any of the records of area burned.

¢ Figenvector techniques are able to discriminate distinct patterns in area bummed,
however they do not appear to be the most appropriate method of analyzing wildfire
data in the American Northwest. There are at least three possible explanations for

this situation: (1) the record of area burned is too short and too noisy to resolve
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meaningful “modes™ in forests with long fire return intervals; (2) the pattems in
area bumed may not be statistically independent from each other; (3) the pattems in
area bumned are not linear in nature, and small fire years are not simply the inverse of

large fire years.

In the context of these findings. fire management needs to consider that there are both
top-down and bottom-up controls on extreme wildfire years. Although fuel treatments
are undoubtedly a necessary component of effective fire management, they cannot
realistically be expected to eliminate large area bumed in severe fire weather years.
Additionally, the potential consequences of impending climate change on fire seventy
needs greater consideration. The most recent Intergovernmental Panel on Climate
Change assessment (IPCC 2001) predicts increased drought stress for the American
Northwest, which could lead to more frequent and/or more severe wildfire years in spite

of ongoing fuel treatments.
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Chapter 4

4.1 Abstract

A network of drought sensitive tree-ring chronologies is used to reconstruct flow on the
Columbia River at The Dalles, Oregon, since 1750. The reconstruction accounts for 25
to 30 percent of the variability in mean water-year flow, with a large portion of
unexplained variance caused by underestimates of the most severe low-flow events.
Residual statistics from the tree-ring reconstruction, as well as an identically specified
instrumental reconstruction, exhibit positive trends over time. This finding suggests that
the relationship between drought and streamflow has changed over time, supporting
results from hydrologic models, which suggest that changes in land cover over the 20th
century have had measurable impacts on runoff and evapotranspiration. Lowpass
filtering the flow record suggests that persistent low flows during the 1840s were
probably the most severe of the past 250 years, but that flows during the 1930s were
nearly as extreme. The period from 1950 to 1987 is anomalous in the context of this
record for having no notable multivear drought events. A comparison of the flow
reconstruction to paleoproxy records of the Pacific Decadal Oscillation (PDO) and EI
Nifio / Southern Oscillation (ENSO) support a strong 20th century link between large-
scale circulation and streamflow, but suggests that this link is very weak prior to [900.

4.2 Introduction

Thre Columbia River Basin is the second largest drainage basin in the United States, and
supports a diverse range of human and natural interests, including hydroelectric
production, agricultural irrigation, navigation, fish stocks (including endangered salmon
runs), fisheries, recreation, and habitation (Bonneville Power Administration et al. 2001).
Imposed on these interests is the need to minimize the risk of floods. In many years the
demands imposed on the Columbia River system account for more water flows through
the system, leaving managers especially vulnerable to low-flow years (Cohen et al. 2000;

Miles et al. 2000). The storage potential of the Columbia is currently exploited to its



limits, so adaptations to vanability or changes in the supply of water need to be driven

by reductions in demand rather than through infrastructure developments (Bonneville
Power Administration er al. 2001). A longer record of streamflow variability in the
Columbia River system would help water planners to develop contingency plans for
extreme events by providing a longer context for drought assessment (Stockton 1990). In
particular, the gauged record on the Columbia probably does not contain all the relevant
low-frequency fluctuations, abrupt shifts in flow that might be caused by changing

climatic regimes, or multiyear drought events that are relevant to water-resource

planners.

Climate-sensitive tree-ring chronologies provide the opportunity to extend instrumental
records of streamflow by exploiting the strong links between climate and runoff (Cayan
1989; Cayan 1996; Moore 1996; Nigam et al. 1999). In particular, the Columbia River
system is sensitive to climatic forcing associated with the Pacific Decadal Oscillation

(PDO) and El Nifio . Southemn Oscillation (ENSO) (Hamlet and Lettenmaier 1999a).

Well verified tree-ring based reconstructions have been undertaken for the Sacramento
River Basin (Earle 1991; Meko er al. 2001), the Gila River (Meko and Graybill 1995).
Crater Lake (Peterson et al. 1999), and many smaller basins (see reviews in Jones er al.
1984; and Stockton 1990). Trees of the Pacific Northwest are very long-lived, often
reaching ages that exceed 1000 years (Brubaker 1986; Peterson and Peterson 1994;
Laroque and Smith 1999; Gedalof and Smith 2001a). Many of these species are sensitive
to climatic variability, including Douglas-fir (Pseudotsuga menciesii) (Wiles et al. 1996;
Zhang 1996; Biondi et al. 2001), yellow-cedar (Chamaecyparis nootkatensis) (Laroque
and Smith 1999), mountain hemlock (Pseudotsuga menziesii) (Heikkinen 1985
Graumlich and Brubaker 1986:; Wiles et al. 1996; Gedalof and Smith 2001a; Peterson and
Peterson 2001), subalpine fir (Abies lasiocarpa) (Peterson and Peterson 1994; Ettl and
Peterson 1995), ponderosa pine (Pinus ponderosa) (Graumlich 1987), subalpine larch and
western larch (Larix lvallii, L. occidentalis) (Colenutt and Luckman 1991 ; Peterson and
Peterson 1994; Colenutt and Luckman 1995), Engelmann spruce (Picea engelmannii),
(Luckman and Colenutt 1992; Peterson and Peterson 1994), and others (Fritts 1991;
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Schweingruber 1993). The pnmary objective of this research is to reconstruct

streamflow in the Columbia River Basin using dendrohydrological techniques, and to use

this reconstruction to contextualize the instrumental record.

4.3 Data

Recent efforts to compile tree-ring chronologies into centralized data banks (e.g.
Grissino-Mayer and Fritts 1997) provide the opportunity to compile networks of climate
sensitive tree-ring chronologies for the analysis of large-scale climatic processes (Minobe
1997 Kadonaga er al. 1999; Gedalof and Smith 2001b; McKenzie et al. 2001). Two
such data banks were used in this analysis: the [ntemational Tree-Ring Data Bank
(ITRDB) (Grissino-Mayer and Fritts 1997), and the **Past PDO working group™ collective
data set (https:/pastpdo.ltrr.anizona.edu). From these data banks all tree-ning
chronologies lying within (or near to) the Columbia River Basin were compiled into a
regional data set. Because the analysis of these data relies on eigenvector techniques,
which are limited to the temporal interval common to all sites, | excluded from further
analyss all chronologies that were collected prior to 1985. This screen resulted in a pool
of 66 potential chronologies. The choice of a starting year for the analysis involved a
tradeoff between increased sample depth and reduced temporal coverage. That is, | had
to choose between a relatively short but data rich reconstruction and a much longer but
data sparse reconstruction. A plot of the initial year of chronology against number of

sites reporting data revealed several natural breaks that provide logical cutoffs: ca. AD
1450, 1600 and 1750. [ chose to focus on the post- 1750 interval because it allowed me to
work with the widest range of tree species and locations — thereby providing the best
insight into the underlying dynamics. As it tumed out this subset produced the only

robust reconstruction, for reasons that will be addressed later. Of the 66 potential

chronologies 57 extend back to 1750 and were retained for further investigation.

Individual ring-width series were transformed into stationary, dimensionless, indices in
order to remove trends in growth related to tree-age and stand dynamics (Cook 1987).



66
This transformation was undertaken in two steps using the computer program

ARSTAN (Cook and Holmes 1986). First, a negative exponential curve or linear trend
was fit to each series, and each observed ring width in the series was divided by this
“expected” value. Next, each series was detrended a second time by fitting a cubic
smoothing spline of a specified rigidity to the residual series (Cook et al. 1990). In order
to preserve low-frequency information related to the PDO, [ specified a 50 percent
frequency cutoff of 128 years. This filter is sufficiently flexible to effectively remove

most of the stand dynamics effects [ encountered, but still preserves 90 percent of the
variance at periods shorter than 75 years (Cook and Peters 1981 Cook et al. 1990). Each
ring-width-index senes was prewhitened using autoregressive moving average (ARMA)
models, to remove any autocorrelation effects (Biondi and Swetnam 1987 Cook 1987),
before being combined into a single representative site chronology using a robust mean

(Mosteller and Tukey 1977).

Streamflow data for the Columbia River were provided by the Bonneville Power
Authority. These data have been “naturalized” to remove the influences of water
diversion and storage and changes in evaporation (A.G. Crook Company 1993; Hamlet es
al. in review). This procedure uses an empirical flow model to incorporate records of
reservoir volume, water withdrawal, and theoretical evaporative losses from reservoir
surfaces, and derive a record of what flow at The Dalles would have been in the absence
of regulatory structures. | focused on reconstructing mean water-year flow at The Dalles,
Oregon, for three principal reasons: (1) the flow record at The Dalles integrates
variability over a large portion of the Columbia River drainage basin. and is therefore
representative of the large-scale processes occurring within the system; (2) water
resources managers use flow at The Dalles to develop a number of operational
applications. so statistics for this location are likely to be of practical utility; and (3) flow
at The Dalles has been the focus of other investigations, so the resuits of this study will
provide a direct basis for comparison. Flow at The Dalles has been routinely gauged
since 1878, but *naturalized” records extend back only to 1931 due to quality assurance



concems in the early portion of the record. A log- 10 transformation was applied to
induce nommality in the flow data.

The U.S. "Time Bias Corrected” state climatic divisionial data set (Guttman and Quayle
1996) was used to investigate relationships between radial growth and climate, and
between streamflow and climate. Because the divisional data are developed from area-
weighted averages of temperature and precipitation over regions of relatively
homogeneous climate they are often considered preferable for dendroclimatic analyses
(Brubaker 1980; Blasing er a/. 1981; Heikkinen 1985; Ettl and Peterson 1995). Monthly
values of temperature, precipitation and Palmer drought seventy index (PDSI) data are

available for the interval 1895 to present.

4.4 Methods

The pool of available chronologies was screened for sensitivity to drought in order to
restrict the pool of predictors to candidates exhibiting a physically consistent relationship
to streamflow. Pearson correlation coefficients were calculated between annual radial
growth index and monthly PDSI values within the pertinent climate division over the
interval from December of the year preceding growth to August of the year of growth.
Sites that did not exhibit a significant correlation to drought during at least one month
were removed from the analysis. Because PDSI is not calculated in Canada an
alternative screening process was required. For sites close to the United States border 1
identified representative climate divisions and used these records. For more distant sites |
identified individual meteorological stations and used the correlation to precipitation as a

guide.

Principal components analysis (PCA) was applied to the subset of screened chronologies
to derive a reduced set of independent predictors. From this analysis, only the
eigenvectors that exhibited physically meaningful loadings and had eigenvalues that were
statistically greater than 1.0 were retained for further investigation (North et al. 1982).
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This approach is distinct from most other dendrohydrological reconstructions that

typically include non-zero lags of radial growth increment and retain a large number of
principal components as regressors (but see Hidalgo et al. 2001). By limiting the number
of statistical predictors considered | minimize the probability of identifying spunious
relationships, and of overfitting the regression model. Each principal component (PC)
time series was prewhitened using ARMA models to remove any autocorrelation that
may have been introduced by site chronology calculation or PCA. In all cases an AR(1)
model was sufficient to describe the autocorrelative structure of the series. Prewhitening
is necessary because tree-ring records often exhibit year-to-year persistence due to
nutrient storage, foliage production. recovery from disturbance. and other biological
processes (Fritts 1976). The streamflow record. in contrast, exhibits no sental

autocorrelation.

Myriad regression models are possible given the large number of potential predictors. In
order to identify the most appropriate model | used a bootstrapping technique to assess
the stability of regression coefficients. Pseudodata sets of the same length as the full
calibration interval (56 years) were generated by sampling- with-replacement from the

data set. Regression models were estimated from this pseudodata set, with PCs entered in
descending order of eigenvalue (i.e. PC1 then PC2, etc.). This process was replicated
1000 times in order to derive summary statistics. Regression coeflicients whose mean
value was more than twice its standard deviation were considered robust and were used to

develop the full model (Guiot 1991).

Cross-validation statistics were generated by excluding every third year from the analysis
and using the remaining two-thirds of the years to predict these years. This process was
repeated three times to develop an independent reconstruction for the full calibration
interval (1931 - 1987). The Pearson correlation coefficient and the reduction of error
(RE) statistic were generated from this cross-validated record as indicators of model
performance. A second regression model, using the entire calibration interval to estimate

the regression coefficients, was developed in order to reconstruct flow since 1750. For
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comparative purposes the performance statistics for this model were also calculated.

Additional verification was undertaken by comparing the reconstructed flow record to the
extended USGS flow record (1879 - 1987), and to other paleoproxy reconstructions.

4.5 Results

4.5.1 Reconstruction Model Development

Of the 57 potential tree-ring chronologies 32 exhibited a significant correlation to at least
one month’s PDSI (Figure 4.1, Table 4.1). Two general trends were evident in the
calculation of the drought correlations. First, species that are characteristic of subalpine
environments generally exhibited a positive correlation to PDSI (i.e. higher drought
severity is associated with higher radial growth), and low-elevation species generally
exhibited an inverse correlation. (2) Second, subalpine sites normally exhibited the
strongest association to PDSI during winter and spring months, and low elevation sites
exhibited the strongest correlation during summer months. These results corroborate
previous studies that found that radial growth at subalpine locations is often limited by

the length of the growing season, which is in tum largely a function of the snow-free
interval (Peterson and Peterson 1994; Ettl and Peterson 1995; Gedalof and Smuth 2001a;
Peterson and Peterson 2001; Peterson et a/. 2002). In contrast, growth at low elevation
sites is often limited by moisture availability during the growing season (Graumlich

1987; Cook et al. 1999; Stahle er al. 2000).
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Figure 4.1 Map of the Columbia River basin showing the location of The Dalles,
Oregon, and tree-ring sites used in the analysis.
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Table 4.1 Descriptions of the sites used in this analysis.

File Name Site Name Species Lat (N) Long (W) Elevation (m) Start Year End Year R(PDSI)
CANAI47RWL Sicamous Creek PCEN 50.49  -119.54 1550 1665 1994 N A
CANAISORWL Big White PCEN 4952 -118.51 1700 1669 1998 -0.248
CANAISZRWL Big White ABLA 49.52  -118.51 1700 1712 1998 .0 156
CANAIL6]I RWL Adams Lake PCEN 51.02  -119.03 1900 1710 1996 N A
CANA162 RWL Adams Lake ABLA §$1.02  -119.03 1900 1710 1996 N A
FRED Fredrick Butte, OR JjuocC 43,58  -120.45 1494 936 1996  0.683
GPStdInd.txt Gray Creek Pass LALY 4962 -116.67 2275 1216 1993 .0.323
LVF_S Larch Valley LALY 5135 -116.22 2250 1347 1994  -0.256
MTIIORWL North Fork Ridge PSME 4518 -111.20 2500 8i9 2000 0416
MTIILRWL North Fork Ridge PIFL 4518 11120 2500 500 2000 0.211
ORO29 RWL Cross Canyon PIPO 4558 11741 1317 1485 1991 0.399
ORO30 RWL Gnzzly Bear PIPO 45358 11743 1231 1502 1991 0458
ORO31 RWL Drumbill Ridge PIPO 4528  -118 12 N A 1672 1990 0.202
ORO32Z RWL Indian Crossing PIPO 4507 tT o0l NA 1550 1990 0 316
ORO0O33 RWL Bally Mountain PIPO 4517 1IN 34 NA 1469 1990 0 436
ORO3R RWL Big Sink PIPO 3547 -I17 55 1203 1665 1990 0377
ORO039 RWL Fish Lake PIPO 3500 -117 04 1600 1585 1991 0238
ORO40 RWL Lugar Springs PIPO 4546 -117 58 1200 1675 1991 0251
ORO48 RWL Pringle Falls RNA PIPO 4342 12137 1460 1476 1993 0.350
ORO49 RWL Expenimental Forest  PIPO 4343 -121 36 1530 1334 1993 4.243
OROST RWL Deschutes PIPO 4328 -i2124 1420 1574 1995 0377
OROS2 RWL Jetn. HWYS 51 & 97 PIPO 4319 .121 45 1420 1419 1995 0229
ORU3S4 RWL Diamond Lake PIPO 4308 12157 1510 1513 1995 0263
OROSS RWL Blue Jay Spring PIPO 4255 12t 32 1490 1423 1995 0.259
ORUST RWL Telephone Draw South PIPO 4245 12131 1550 1442 1995 0335
OROS% RWL Crater Lake PIPO 4247 -12204 1370 1572 1990 0224
WAD6Y RWL Hart's Pass N LALY 48500 -12000 NA 1685 1991 -0.203
WAORS RWL  Annette Lake Trasl PSME 4722 412120 798 1515 1987 0421
WAORG RWL  Big Quilcene PSME 4750 -12302 867 1288 1987 0265
WAOBS RWL Olympic Road 3116 PSME 4800  -12400 267 1394 1987 0.203
WAORY RWL  Silver Creek PSME 16 38 -121 80 900 1539 1987 0244
wyOl9 crn Sheep Mountain, PSME 41.08 -106.03 2375 1412 1990  0.526
Wyoming

PCA of the 32 site chronologies resulted in 8 PCs with eigenvalues greater than 1.0. Of
these 8. only the first 7 were statistically greater than 1.0 and only the first 5 were readily
interpretable in the context of geographic or ecological characteristics. Bootstrapping of
the regression coefTicients suggested that PCs 1, 2 and 4 are stable predictors of mean
flow at The Dalles. The cross-validated correlation between observed and reconstructed
flow is 0.50, and the reduction of error statistic is 0.24. The statistics from the full
calibration model, using all available years, are only marginally stronger: the Pearson



correlation is 0.59 and the reduction of error is 0.29. These results suggest that the
model is not being overfit, and that the reconstruction contains useful information (Figure
4.2).
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Figure 4.2 (top panel) Observed (gray) and cross-validated reconstructed (black) flow at
The Dalles, Oregon, for the calibration interval 1931 to 1987. (bottom panel)
Flow at The Dalles, Oregon, since 1750 reconstructed using tree rings (black
line). The gray overbar indicates the calibration interval.

4.5.2 Residuals Analysis

An examination of the regression residuals revealed two factors that complicate
interpretation of the results. First, the model underestimates the magnitude of extreme
events; in particular, the severity of low-flow years is poorly captured by the
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reconstruction. This bias is evident in a cumulative probability plot of the gauged.

cross-validated and reconstructed flow records (Figure 4.3). This result is typical of
regression analyses in general (Meko and Graybill 1995), and tree-ring based
reconstructions in particular (Fritts 1976; Fritts et al. 1990; Peterson et al. 1999). Indeed,
a scatter plot of the regression residuals against the gauged flow record suggests that
underestimates of severe low-flow events account for a substantial fraction of the error in
the regression model (Figure 4.4). One interpretation of this finding is that the
reconstructed record is probably performing better than the verification statistics suggest

- at least with respect to the simple occurrence of low-flow events if not the absolute

magnitude of those events.
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Figure 4.3 The cumulative probability density of log10 mean flow at The Dalles,
Oregon. The gauged record (1931-1987) is indicated by the dashed line; the
cross-validated reconstructed record (193 1-1987) by the dotted line; and the
reconstructed record (1750-1987) by the solid line.
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Figure 4.4 Scatter plot of the regression residuals against the cross-validated

reconstructed flow record.

Secondly. the residuals exhibit an increasing trend over time. This trend is evident in a

plot of the residuals as a function of time (Figure 4.5), and is significant at the 90 percent

confidence level (p = 0.08). This finding can be explained as a consequence of increases

in the gauged flow at The Dalles that are not matched by increases in radial growth at the

sites considered in this study. The most likely explanation for this trend is that changes

in land cover within the Columbia River basin are contributing to increased runoff

relative to total precipitation or drought severity. Hessburg et al. (2000) document large

changes in forest composition and structure within the Columbia River basin over the

20th century, which they attribute to forest management practices including timber

harvest, fire exclusion, cropland expansion and introduced species. These changes have

almost certainly had a measurable impact on the hydrology of the basin. Using the

variable infiltration capacity (VIC) model Matheussen et al. (2000) estimated changes in
runoff production that could be attributed to land cover changes between 1900 and 1990.
They determined that runoft has increased within all but one of the sub-basins of the
Columbia River system, typically by 2 to 7 percent. Because they used the same climatic

parameters to force the model under both land cover scenarios this change in runoff can
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be attnibuted to changes in surface characteristics. Losses of mature forest stands to

logging and agriculture have resulted in increased snow accumulation and reduced
evapotranspiration, which in tum have increased runoff. This trend has been partially
offset by tire suppression efforts, which have increased the area of mature forest types in
some regions, thereby increasing evapotranspirative losses. Although they do not report
the total change in naturalized flow at The Dalles, summer high flows are ca. 10 percent
higher and winter low tlows are 2-3 percent lower unider modem land cover than under

1900 conditions (see Figure 5 in Matheussen et al. 2000).
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Figure 4.5 Regression residuals plotted as a function of time. The trend line exhibits an

increase in transformed flow of ca. 1.2 percent per century.

Because the tree-ring sites considered in this study have not been subjected to land-use
changes I do not expect them to exhibit this trend. As a consequence of this dispanty, the
trend in the regression residuals can be interpreted as physical supporting evidence of the
modelled results. The magnitude of the trend is relatively small - only 1.2 percent per
century — although given that the reconstruction underestimates the magnitude of low-
flow events relative to high-flow events this estimate probably represents a lower limit to

the actual dispanty between the two records.

4.5.3 Multivear Drought Events
In order to assess the persistence of drought over the period of the record [ filtered the

reconstruction using a range of multiyear center-moving averages. Window lengths of 5,



11 and 25 years were chosen to characterize interannual, decadal and interdecadal flow
regimes. Years that fell into the lowest 15 percent (i.e. the 35 lowest flow years) were
then ranked and plotted as a function of time (see Woodhouse 2001) (Figure 4.6). Using
this criterion the distribution of single-year low-flow events is fairly constant over time,
although there is a conspicuous cluster of low-flow years during the 1840s. Intervals of
persistent drought become more evident as longer window lengths are considered. In
particular, the interval from ca. 1840 to 1855 appears to be the most severe and most
persistent drought on record. The 1930s also emerge as a period of sustained low flows.
Notable shorter intervals of low flow occurred at ca. 1775, 1805 and 1890. The period
from 1950 to 1987 is notable for having no multiyear droughts in the bottom 15th

percentile.
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Figure 4.6 The distribution of n-year moving average mean flow for the lowest 15th
percentile over the period of reconstruction. Low rankings are indicated by

longer bars, and represent lower flow events.

The period of low flows during the 1840s coincides with drought on the Great Plains as

reconstructed from tree rings and historical reports of sand dune activity (Muhs and



Holliday 1995; Woodhouse and Overpeck 1998; Woodhouse 2001). Similarly,
streamflow in California as reconstructed by tree rings was also substantially below

normnal (Earle 1991; Meko er al. 2001). In contrast, lake levels at Crater Lake were likely
among the highest they have been in the last 200 years (Peterson et al. 1999), and
streamflow in the US Southwest was close to normal (Meko and Graybill 1995). Cook et
al. (1999) describe a pattemn in drought that is fairly persistent throughout the 1940s east
of the Cascade Mountains, but sporadic in coastal areas, possibly accounting for these
discrepancies in the paleorecords. In contrast to these findings, the drought of the 1890s
is absent from the records of California streamflow (Earle 1991; Meko er a/. 2001) and
Crater Lake level (Peterson er al. 1999), but is present in the Colorado Front Range
(Woodhouse 2001), the Great Plains, and the US Southwest (see Figure 3 in Woodhouse

and Overpeck 1998).

The drought of the 1930s is well recognized, and corresponds to a period of widespread
crop failures and mass migrations out of the Great Plains region. Analyses of tree-ring
reconstructions suggest that in some regions this drought may have been the most severe
of the last 300 years (Earle 1991; Cook et al. 1999; Meko et al. 2001). In northwestern
New Mexico and parts of the Great Plains however, the 1930s drought is relatively minor
in the longer context (D’ Arrigo and Jacoby 1991; Woodhouse and Overpeck 1998). The
results presented here suggest that in the interior Colurnbia River Basin the 1930s

drought was probably matched only once for length in the last 250 years; although the

drought of the 1840s was probably more severe in terms of sustained low flows.

4.5.4 Comparison to the Instrumental Record

The strength of this reconstruction, as measured by the correlation coefficient and RE, is
comparable to other dendrohydrologic reconstructions from temperate regions (e.g. Cook
and Jacoby 1983; Jones er ul. 1984), but is weaker than reconstructions from and and
semi-arid regions (e.g. Meko and Graybill 1995; Meko et al. 2001; Woodhouse 2001). In
order to assess whether this difference can be attributed to limitations in the tree-nng

record or to a low signal-to-noise ratio in the streamflow data I attempted an identically
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specified reconstruction of streamflow using the divisional PDSI data in lieu of the

tree-ring record. | considered four scenarios: (1) mean water-year PDSI at all climate
divisions within the Columbia River basin; (2) mean winter and mean summer PDSI at

all climate divisions; (3) mean water-year PDSI for only those climate divisions
represented by tree-ring chronologies: and (4) mean winter and mean summer PDSI for
the same climate divisions. These data were treated in the same manner as the ring-width
chronologies - that is, they were combined using PCA, autoregressive modelled,
bootstrapped. and independently cross-validated (Table 4.2).

Table 4.2 Cross-validated summary statistics for the instrumental PDSI
based reconstruction of streamflow at The Dalles, Oregon.

Subset’ PCs in model Reduction of Pearson R R?
Error

] 1.2 0.650 0.81 0.65

2 1.2.5 0.719 0.85 0.72

3 1.2 0.716 0.85 0.72

4 1.2.5 0.779 0.88 0.78

Cross- 1.2.4 0.241 0.50 0.25

validated

reconstruction

Full model 1,2.4 0.290 0.59 0.35

reconstruction

1. See preceding text for subset descriptions.

The instrumental record captures between 65 and 78 percent of the vanability in the flow
record. Additionally, the quality of the reconstruction increases when only those climate
divisions from which this study uses tree-ring data are used. This result suggests that the
tree-ring chronologies used in this study are capturing between one-third and half of the
recoverable signal in streamflow variability. Most likely. the sites considered are not

adequately representing drought variability within their locale, and the relationships



79
presented here are not limited by the relatively sparse network of tree-ning sites. While

it is possible that a more restrictive screening process could produce a stronger
reconstruction, | found that even modest increases in the minimum correlation to PDSI
resulted in very small data matrices. For example, increasing the correlation threshold to
r > 0.35 excluded all but 8 of the potential chronologies, including all of the sites in
Canada and Washington. Bootstrapping the resulting PC regression coefficients did not
yield any significant predictors of streamflow. An altenative interpretation of this result
is that whereas the climate division records represent composites of dozens of measunng
stations throughout the region, each tree-ring site represents a single point. The spatial
heterogeneity of precipitation (in particular) may contribute to local noise being
incorporated into the streamflow reconstruction because of the sparseness of the sampling
network compared to the instrumental record. Similar to the analysis of the tree-ring
data, the regression residuals from the instrumental record showed an increasing trend of

between 1.3 and 1.5 percent per century.

4.5.5 Comparison to the Extended Gauged Record

The USGS gauged flow record at the Dalles extends back to 1879, although the early
portion of this record has not been corrected for possible biases due to water diversions or
evaporative losses. Three consistency checks were undertaken using this record: (1) the
choice of PCs to include in the regression model as well as their sign and approximate
magnitude was determined using this longer calibration interval; (2) verification statisucs
were calculated for the extended (1879 - 1987) and independent (pre-1931) portions of
the gauged record; and (3) the regression residuals were examined for the presence of any
systematic bias in either record. These analyses were undertaken using both the tree-ring

and instrumental PDSI records.

Bootstrapping the regression coefficients by sampling from the USGS gauged flow
record resulted in the same choice of predictors {i.e. PCs 1, 2 and 4), and similar
regression coefficients. Additionally, the cross-validated flow record developed using
this longer calibration interval is very highly correlated to the record developed using the
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naturalized flow record (r=0.96). The performance statistics are not as strong for this

reconstruction, though, suggesting some sensitivity to the calibration interval (r=0.40,
RE=0.156; Figure 4.7). When the independent portion of this reconstruction is
considered separately, though. a different perspective emerges. The correlation between
the gauged and reconstructed flow record over the interval 1879 - 1930 is r=0.42, and for
the interval 1931 - 1987 r=0.48. There are two implications of these results. First, the
correlation for each of these intervals is stronger than the correlation for the two intervals
combined. This observation suggests that there is a shift in the mean of the gauged

record relative to the reconstructed record between the two segments considered.

Second, the overall quality of the reconstruction appears to decrease when the longer

calibration interval is used.

Some insight into the possible cause of these disparities can be gained from the analysis
of the instrumental PDSI record. For the purposes of this exercise | used data subset |
above: mean water-year PDSI for all climate divisions within the Basin. Like the results
for the tree-ring records, the same predictors were chosen with similar regression
coeflicients. Also like the results for the tree-ring records, the overall quality of the
reconstruction decreased (r=0.79, RE=0.618), although by a smaller amount. As with the
tree-ring results, the bias between the gauged and reconstructed records is apparent in the
carliest portion of the calibration interval: the correlation between the gauged and
reconstructed flow record over the interval 1896 - 1930 is r=0.82, and for the interval
1931 - 1987 r=0.83. Interpreted together, the results of these analyses suggest that most
of the loss in skill of the tree-ring reconstruction can be attributed to bias in the early
portion of the USGS gauged record. The cause of this disparity is not clear from this
analysis, and the limited metadata that describe the gauged data do not provide any clues.
Possible sources of bias nclude the naturalization scheme applied to the post-1931
portion of the record, changes in the gauging techniques used at The Dalles, and changes
in the relationship between climate and runoff. It is important to determine which of

these explanations is relevant, because if this extended record is reliable then there has



been a decreasing trend in the regression residuals for both the tree ring and
instrumental analyses.
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Figure 4.7 (upper panel) The cross-validated PDSI reconstructed (black) and USGS
gauged flow. (lower panel) The cross-validated tree-ring reconstructed (black)

and USGS gauged (grey) flow records at The Dalles, Oregon (1879 - 1987).

4.5.6 Comparison to Proxy Records of Large-Scale Climatic Variability

Streamflow on the Columbia River responds strongly to climatic forcing from El Nifio /
Southem Oscillation (ENSO), the Pacific Decadal Osciilation (PDO), and interactions
between the two (Hamlet and Lettenmaier 1999a). Warm ENSO events (i.e. El Nifios)
are characterized by positive sea-surface temperature (SST) anomalies in the far eastem
tropical Pacific, coupled with weakened or reversed trade winds (Enfield 1989). The
typical response in the North Pacific sector to ENSO forcing is a deepened wintertime
Aleutian Low, cold SST anomalies in the Gulf of Alaska, warm SST anomalies in coastal
regions, and associated downstream teleconnections (Ropelewski and Halpert 1986;
Yamal and Diaz 1986). ENSO events typically recur every three to seven years, although
strong events are more rare (Enfield 1989). The PDO is similar to ENSO In its effects on
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the North Pacific ocean-atmosphere system, except that it is expressed primarily in the
extratropics, and individual events typically persist for two or more decades (Mantua et
al. 1997; Zhang et al. 1997). Interannual vaniability within individual phases of the PDO
is substantial. and shifts between states may be abrupt (Mantua et a/. 1997; Gedalof and
Smith 2001b), making it difficult to identify the state of the system except in hindsight.
Constructive (destructive) interference typically causes the effects of ENSO and the PDO
to be additive (confounded) when the modes are acting in (out of) phase (Gershunov and
Bamnett 1998).

Hamlet and Lettenmaier (1999a) developed composite hydrographs for various
combinations of warm, cool and neutral PDO and ENSO events, and showed that
forecasting skill could be improved significantly by incorporating information on the

state of these systems. Streamflow during El Nifio events is on average [2 percent below
normal, and during La Nifia events it is on average 8 percent higher. The response to
PDO 1s comparable, with flow typically 9 percent below normal during warm regimes

and about 6 percent above normal during cool regimes. When ENSO and the PDO are in
phase flow is on average 17 percent below normal (El Niro coeval with warm phase
PDO) and 14 percent above normal (La Nifia coeval with cool phase PDO). When the
two systems are in opposing states their effect on flow may be diminished due to

interference in the teleconnections.

Several long records of PDO / ENSO activity offer the possibility of evaluating these
relationships prior to the initiation of instrumental records (e.g. Quinn ez al. 1987; Stahle

et al. 2000; Biondi et al. 2001; D' Arrigo et al. 2001; Gedalof and Smith 2001b). Here |
use three reconstructed indices of ocean-atmosphere variability to interpret the
reconstructed flow record. First, Gedalof and Smith (2001b) developed a proxy record of
the PDO index since 1600 using chronologies of mountain hemlock (7Tsuga mertensiana)
from the Pacific Northwest. Second, Biondi et al (2001) used chronologies form Jeffrey
pine (Pinus jeffreyi) and bigcone Douglas-fir (Pseudotsuga macrocarpa) from six sites in

California and northwestern Mexico to construct the mean winter half-year PDO index
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back to 1661. These two records of PDO variability were chosen because they are

derived from separate centers of action of the PDO and are respectively proximal and
distal to the Columbia River basin. They were chosen in lieu of the reconstruction
developed in Chapter 2 because they cover the full time period of the flow reconstruction.
Third, Stahle er al. (1998) developed a record of the Southemn Oscillation Index (SOI)
from ENSO-sensitive regions of subtropical North America and Indonesia. In order to
charactenize the relationship between flow at The Dalles and these records [ calculated
the correlation over selected intervals (Table 4.3). This analysis shows that over the 20th
century the correspondence between streamflow and ENSO, and streamflow and the
PDO., is significant, whether instrumental or proxy records are considered. In contrast
when the pre-instrumental interval is considered separately the correlations are nearly
zero for all proxies. The correlation to the Stahle et al. (1998) SOl is significant prior to
1900, but is substantially weaker than over the 20th century.

Table 4.3 Cross correlations for the gauged and reconstructed flow at The Dalles,
Oregon, with proxy records of PDO and ENSO variability for selected time

intervals.
Gauged Flow
Proxy Record Record . ~ Reconstructed Flow Record
1931 - 1987 1750 - 1987 1900 - 1987 1750 - 1899

Instrumental -0.435 - 0.334 -

PDOindex o .

Instrumental 0.346 - 0.254 -

SOt _

Gedalof and -0.246 -0.101 0.241 -0.044

Smith(?DO) i

Biondi et al. -0.279 -0.003 -0.095 0.054
(PDO)

Stahle et al. 0.518 0.195 0.240 0.177

(SO

Correlations that are significant at 90 percent confidence are indicated by bold script.
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These results imply that the relationship between PDO, ENSO and flow on the

Columbia River has not been consistent over time. Gedalof et al. (in press; see also
Chapter 2) found evidence that a number of proxy records of Pacific Basin vanability
(including the PDO reconstructions of Gedalof and Smith and Biondi er al. used here)
exhibited poor intercorrelations over much of the [9th century. Prior to ca. 1825,
however, the intercorrelations are comparable to those seen in the 20th century. They
concluded that the PDO might have been a less important organizing structure of the
North Pacific ocean-atmosphere system over this interval. The tree-ring chronologies
used to develop this reconstruction are independent of those reconstructions and support

these inferences regarding the North Pacific ocean-atmosphere system during the 19th

century.

One other relevant paleoproxy reconstruction is the gridded PDSI reconstruction of Cook
et al. (1999). This reconstruction was developed using tree-ring chronologies not used in
this analysis, and therefore represents an independent verification of the reconstruction
presented here. From the network of reconstructed PDSI gridpoints I chose the points
needed to represent variability within the Columbia River drainage basin (GPs 1-4, 8-11
and 16-18). Because these grid points are highly spatially autocorrelated | applied a PCA
to reduce the dimensionality of the data set and denive orthogonal predictors. Two PCs
were retained, explaining 65 and 16 percent of the variance respectively. The leading PC
is well correlated with the reconstructed flow record (r = 0.502), as well as the gauged
flow records (r=0.479, naturalized record; r=0.483, USGS extended record). The
intervals of persistent low flows identified in the streamflow reconstruction generally
correspond to periods of prolonged drought (Figure 4.8). In particular, low flows during
the 1770s, 1840s, 1890s, and 1930s all correspond to periods of reconstructed drought.
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Figure 4.8 The leading principal component of reconstructed PDSI for gndpoints
representing the Columbia River Basin (gray), and the reconstructed Columbia
River flow for The Dalles, Oregon (black). The low frequency vanability has
been emphasized in both records using a S-year running average filter.

4.6 Concluding Remarks

Tree-ring chronologies offer the opportunity to extend instrumental records into the past
for the purpose of assessing the representativeness of recent observations. especially with
respect to low frequency changes and extreme events. This reconstruction of flow on the

Columbia River has revealed four key findings:

1. Severe droughts have occurred in the past, probably more severe than what has been
seen in the 20th century. An interval of persistently lower flows than has been seen
during the gauged record occurred around the 1840s. However, the drought of the
1930s is probably the second most severe of the last 250 years. This drought should
not be regarded as an anomalous event, but rather a normal component of the

Columbia River system.

2. Land-use changes in the Columbia River Basin have contributed to increases in runoff

relative to drought severity or precipitation. This trend is evident in the residual

(839) mo4 01607
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statistics of both instrumental and tree-ring based regressions of flow, and is on the

order of 1.2 percent per century.

3. The tree-ring chronologies used in this study do not adequately capture the magnitude
of severe low-flow events. This limitation is probably not caused by the sparse
distribution of tree-ring sample sites within the basin, because a comparable network
of climate divisions was able to reconstruct flow records much more accurately. The
moderate model performance may be due to the imperfect correspondence between
PDSI and radial growth increment, or it may be due to the sparse within-division

distribution of tree-ring sample sites relative to instrumental stations.

4. The relationship between reconstructed flow and long records of ocean-atmosphere
vaniability has not been constant over time. [n particular, the correlation between the
PDO and reconstructed flow is conspicuously stronger during the 20th century than
during earlier centuries. This result is coeval with a period of poor correspondence

between independent proxy records distributed throughout the Pacific Basin.

The Columbia River Basin supports diverse natural resources, economic investment and
social values. With a rapidly growing population this region is increasingly vulnerable to
drought events (Miles et al. 2000). Recent droughts have led to conflicts among uses
(e.g. hydroelcetric production versus protecting salmon runs), increased costs to end users
(notably municipal power users), and in some cases the total loss of access to water (in
particular junior water rights holders in the agricultural sector). These recent droughts
were not exceptional in the context of the last 250 years and were of shorter duration.
Furthermore, water management strategies have been developed over the last half-
century, a period characterized by a unique lack of multiyear droughts. Additionally,
impending climate change could cause the frequency of severe low flow years in the
Columbia River system to at least double by 2043, and possibly quadruple (Hamlet and
Lettenmaier 1999b). Interpreted together these findings pose substantial challenges to
water managers in the Pacific Northwest: the Basin has been fully exploited in terms of



storage capacity. the demands posed on the system continue to increase, availability is
likely to diminish, and the potential for multiyear droughts has probably been

underestimated.
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Final Thoughts

Although this research program consisted of three largely unrelated investigations, some
insights can be gained by considering the results collectively. In chapter two | compared
five long, well verified, paleoproxy reconstructions of interdecadal climatic vanability in
the Pacific Basin. These records suggest that the climate system of the North Pacific
sector was organized differently prior to the twentieth century than it has been over most
of the instrumental record. In chapter three | examined the factors that contribute to large
increases in area bumed by wildfire in the American Northwest. Within mesic forest
types a particular sequence of events contributes to increases in area bumed: drought in
the preceding winter and spring followed by summertime blocking ndges. At more xenc
forest types the role of antecedent drought is smaller, with intense blocking events alone
sufficient to cause significant increases in area burned. At the driest locations considered
in this analysis summertime cyclones were also associated with increases in area bumed
- probably due to dry lightning and strong winds. In chapter four [ used extant tree-nng
chronologies to reconstruct Columbia River flow at The Dalles, Oregon, since 1750.
This record revealed three interesting features of the Columbia River system: (1) the
relationship between climatic forcing and resulting flow has changed due to changes in
land cover over the twentieth century: (2) the drought of the 1930s was probably
exceeded in terms of intensity and length around the 1840s; and (3) the last 50 years of
this record is anomalous with respect to the relative absence of multiyear droughts. Two

main challenges to research emerge from the sum of these results:

e The most severe drought of the past 250 years in the Pacific Northwest occurred
under a climate system that may have been organized substantially differently from
what has been seen over the instrumental record. In contrast, the drought of the

1930s occurred under a recognized warm phase of the PDO. This observation implies

that disparate forcing mechanisms may contribute to persistent drought events. This
finding is similar to results from Chapter 3, which showed that apparently opposite
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circulation anomalies could lead to comparable increases in area bumed - in that

case due to the underlying ecosystem modulating the response to forcing.

o The assessment of fire-climate relations described here was undertaken during a
period characterized by the relative absence of multiyear droughts. Consequently the
observational record is probably not sufficient to assess the role of multiyear droughts
in contributing to wildfire variability. In particular, if climate change leads to more
frequent (and therefore a greater probability of more persistent) droughts, the

consequences for fire management may be unexpected.

These challenges underpin the need to develop long, spatially explicit, paleoproxy

records for the purpose of better understanding the relationships between ecological
processes and climate. Specifically: (1) long fire histories are needed to evaluate the
relationships between low-trequency climatic vanability, wildfire, and ecology., in the

American Northwest: and (2) dense, extensive, networks of proxy climate records are

needed to reconstruct patterns of elements of the North Pacific ocean-atmosphere systern.

Additionally, these investigations need to be conscious of the ecological context from

which the records are taken.
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