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ABSTRACT: Low-frequency changes (decades to years) in precipitation related to the El Niño-Southern Oscillation
(ENSO) and the Pacific Decadal Oscillation (PDO) are known to influence wildfire variability across the southwest United
States. Little work has been done to identify whether daily fire weather variability, also important to wildfire activity, is
influenced by these same climatic phenomena. This study identifies the synoptic climatological conditions associated with
extreme fire weather events in the Southwest and constructs an extreme fire weather frequency data set for the period
of 1958–2003 using a logistic regression technique. Interannual changes in extreme fire weather day frequencies are not
linearly correlated with either ENSO or PDO, but do show significant deviations from expected values when grouped by
PDO phase (positive or negative) and further subgrouped by ENSO state (La Niña, El Niño or neutral). A higher number
of extreme fire weather days occur during the negative phase of the PDO, especially when accompanied by a La Niña
event. Copyright  2010 Royal Meteorological Society
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1. Introduction

Climatological connections to wildfire variability exist
through a variety of mechanisms operating on differ-
ent temporal scales. Low-frequency (years to decades)
changes in precipitation regimes that modulate fuel pro-
duction and fuel conditioning have been linked to wildfire
variability in several studies (Simard et al., 1985; Swet-
nam and Betancourt, 1990, 1998; Westerling and Swet-
nam, 2003; Crimmins and Comrie, 2004; Littell et al.,
2009). Shorter term (days to weeks) changes in synoptic
circulation regimes have also been identified as impor-
tant climatological influences on wildfire activity (Bro-
tak and Reifsnyder, 1977; Johnson and Wowchuk, 1993;
Nash and Johnson, 1996; Flannigan et al., 2003; West-
erling et al., 2004). Changes in daily fire weather con-
ditions (wind speed, temperature and relative humidity)
that occur through low-frequency teleconnection patterns
all are climatic components related to wildfire variability.
Little work has been done to examine how these compo-
nents are connected and how they may co-vary through
time.

The relationship between wildfire and climate across
the southwest United States involves an interesting inter-
action between wet and dry cycles that evolves over many
seasons and years. Identified fire–climate relationships in
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areas of Arizona and New Mexico dominated by xero-
phytic forests show that antecedent climate conditions
months to years prior to fire seasons can be as impor-
tant as the actual fire season conditions (Swetnam and
Betancourt, 1998; Crimmins and Comrie, 2004). Peak
fire season (April, May and June) conditions are clima-
tologically hot and dry across Arizona and New Mexico.
Above normal temperatures and below normal precipita-
tion would do little to change already harsh conditions
during the spring. Precipitation anomalies in seasons to
years prior appear to promote the growth and accu-
mulation of fine fuels that exacerbate wildfire activity
during the fire season. Several studies have shown that
the sequencing of El Niño events (wet) and La Niña
events (dry) can promote the growth of fuels and then
subsequently dry them out over a period of years (Swet-
nam and Betancourt, 1990, 1998; Crimmins and Comrie,
2004).

Short-term transitions to synoptic patterns that promote
extreme fire weather conditions are also important in con-
trolling seasonal wildfire variability across the southwest
United States. A discrete synoptic pattern characterized
by a strong geopotential height gradient and broad south-
west flow across the Southwest can elevate fire danger
by bringing extremely windy conditions and low-relative
humidity values to the region (Schroeder, 1969; Crim-
mins, 2006). Wind events that occur during the spring fire
season are particularly dangerous due to the background
hot and dry conditions. Wildfires can quickly grow to
large sizes when coincident with these wind events (e.g.
Cerro Grande Wildfire; Crimmins, 2006).
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This study examines the interannual changes in
extreme fire weather event frequencies with respect to
known teleconnective phenomena already identified as
important to southwestern United States climatic variabil-
ity [e.g. El Niño-Southern Oscillation (ENSO); Redmond
and Koch, 1991 and PDO; McCabe and Dettinger, 1999].
An extension of the record of extreme fire weather fre-
quencies is constructed using synoptic circulation indices
and logistic regression modelling. Increasing the period
of record strengthens the analysis of interannual vari-
ability in extreme fire weather frequencies. Identification
of interannual trends in extreme fire weather frequen-
cies will help improve our understanding of the connec-
tions between climatic and wildfire variabilities across
the southwest United States.

2. Data and methods

2.1. Extreme fire weather days

The daily fire danger ratings used as predictands in
the logistic regression model were calculated from daily
weather observations at 15 Remote Automated Weather
Stations (RAWS; Figure 1). Initially, 33 stations from
across Arizona and New Mexico were considered for
inclusion in this study. Short periods of record and
missing data forced the exclusion of 18 stations. The final
15 stations included in this study represent the best spatial
coverage of stations for the period of 1988–2003.

Daily fire danger levels were determined by calculating
the daily Fosberg Fire Weather Index (FFWI) values for
each of the 15 stations. Maximum daily temperature,
minimum daily relative humidity and daily average wind
speed were used from daily RAWS weather summaries
to create daily FFWI values at each station. This index

is essentially a nonlinear filter that is extremely sensitive
to changes in wind speed and relative humidity levels
(Fosberg, 1978; Goodrick, 2002; Crimmins, 2006). High
winds and low-relative humidity values result in high-
FFWI values (Fosberg, 1978). A statistical study by
Haines et al. (1983) found the FFWI to be a strong and
significant predictor of wildfire activity when compared
with historical records in the northeastern United States.
The daily FFWI values from the 15 RAWS sites were
combined into one regional time series by first converting
the individual station time series into z-scores and then
averaging them. It is understood that averaging the
individual time series created a loss of information, but
the regional signal was the desired component of the
variability in daily fire danger. Sub-regional variability
in daily fire danger does exist, but it is not addressed in
this study.

The single, regional time series of FFWI z-scores was
converted to rank-percentiles with the highest values
being the highest percentiles. The 90th percentile was
chosen as the break point to determine extreme fire
weather conditions. This is a common threshold used
by the fire management community to identify extreme
fire weather conditions (Fosberg et al., 1993; Schlobohm
and Brain, 2002). The final time series used as the
predictand in the logistic regression model consisted
of a binary variable indicating occurrence (1) or non-
occurrence (0) of an exceedance of the 90th percentile
threshold.

2.2. Reanalysis data

Time series of daily (18z) reanalysis data were extracted
and used as predictors in the logistic regression model.
The 18z time step was used from the four-time daily data

Figure 1. Study area with RAWS sites in Arizona and New Mexico shown (white circles). Grid (thin lines) represents the location of reanalysis
data points (centre of grid cells). Dashed lines divide where North–South and East–West gradient time series were developed (black circles).
Dark outline of grid cells over Arizona and New Mexico highlights reanalysis data points used in calculation of average regional relative humidity

time series.
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set to coincide with maximum temperatures and mini-
mum relative humidity values occurring in the afternoon
across the southwest United States. Monthly average
grids were used to develop geopotential height anomaly
composites. Reanalysis data are produced by the National
Center for Environmental Prediction and National Center
for Atmospheric Research (Kalnay et al., 1996). These
data represent model reconstructions of various atmo-
spheric fields from daily observations at a grid resolution
of 2.5°. They provide a spatially and temporally con-
sistent global data set and are widely used in all types
of climatological studies. The time series use 700 mb
level variables because of their proximity to the higher
elevation areas of the Southwest. The study period was
confined to the period of 1958–2003, when confidence in
reanalysis variable fields is highest (Kalnay et al., 1996).

2.3. Logistic regression modelling

A logistic regression model was used to construct an
extended record of daily extreme fire weather frequencies
back to 1958. The observational record of the current fire
weather-monitoring network only extends back to the late
1980s and is not sufficient for long-term climatological
analyses. Model specification was done with reanalysis
grid time series to capture upper level (700 mb) circu-
lation characteristics important to driving to surface fire
weather conditions. Several studies have identified synop-
tic circulation patterns that are associated with extreme,
surface fire weather conditions (Schroeder, 1969; Bro-
tak and Reifsnyder, 1977; Johnson and Wowchuk, 1993;
Takle et al., 1994; Crimmins, 2006). Figure 2 shows a
700-mb geopotential height anomaly composite of 141

Figure 2. Anomaly composites of all FFWI 90th percentile exceedance
days in AMJ from 1988 to 2003 (n = 141 days).

extreme fire weather days occurring in April, May and
June for the period of 1988–2003. A steep geopotential
height gradient and anomalously low-relative humidity
characterize the synoptic environment over the study area
during these extreme fire weather days. Three compo-
nents were used to capture this synoptic signature in
the regression model. A North–South geopotential height
gradient, East–West height gradient and regional aver-
age relative humidity (Figure 1) were used as predictors
to predict the occurrence or non-occurrence of a 90th-
percentile exceedance day. Daily odds-ratio values pro-
duced by the logistic regression model were examined to
determine exceedance days. Days with odds-ratio values
greater than 0.5 were counted as exceedance days. Final
output consists of monthly (April, May and June) totals of
predicted exceedance days for the period of 1958–2003.

2.4. Pacific sea surface temperature indices

Relationships between extreme fire weather event fre-
quencies and ENSO and PDO variability were exam-
ined through the use of sea surface temperature (SST)
indices. The PDO index developed by Mantua et al.
(1997) was used to characterize the state of the North
Pacific region. Index values represent the leading princi-
pal component of monthly North Pacific SST variability
(Mantua et al., 1997). The Oceanic Niño Index (ONI)
was used to capture the state of the equatorial region of
the Pacific Ocean. The ONI is a 3-month running mean
of the extended reconstructed SST (ERSST.v2) anomalies
from the Niño3.4 region (5°N–5 °S, 120–170 °W) based
on the 1971–2000 base period Climate Prediction Cen-
ter (CPC), 2010. Trenberth (1997) proposed the use of
Niño3.4 SSTs as a standard measure of ENSO variabil-
ity because it most effectively captures the Pacific warm
pool during El Niño events.

Both the ONI and the PDO are SST-based indices
ensuring commensurate persistence and atmospheric
response time lags. The assumption is that these SST-
based indices will reflect changes in forcing mechanisms
that will eventually affect atmospheric circulation and
afford forecasting lead times. This is done as an alter-
native to using the traditional atmospheric circulation
indices associated with ENSO and PDO [Southern Oscil-
lation Index (SOI) and North Pacific Index (NP)]. The
atmospheric circulation index values are highly correlated
with the SST-based index values when lagged by one
season. December–January–February (DJF) ONI values
were correlated with March–April–May (MAM) SOI
values at r = −0.897, whereas DJF PDO and MAM NP
values were correlated at −0.687.

Spearman rank (ρ) correlations, χ2 tests and anomaly
composites were all used to assess relationships between
the SST indices and the frequency of extreme fire weather
events. The local statistical significance of composite
anomaly patterns was determined using the bootstrapping
percentile method (Efron and Tibshirani, 1993). Each
composite grid cell was resampled with replacement 400
times to develop an artificial distribution. Significant
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differences of the anomaly from 0 (no anomaly) were
then determined at the 0.1 and 0.05 levels.

3. Results and discussion

3.1. Extreme fire weather frequency modelling

Three time series derived from reanalysis data points
were used to specify the logistic regression model. A
composite of 700 mb geopotential height anomalies and
relative humidity anomalies for 141 April–May–June
(AMJ) FFWI 90th percentile exceedance days was devel-
oped to determine the circulation anomaly associated
with critical fire weather days (Figure 2). This pattern
is consistent with other studies of critical fire weather
patterns across the southwest United States (Schroeder,
1969; Crimmins, 2006). Examination of the geopoten-
tial and relative humidity anomalies in Figure 2 shows
a steep geopotential height gradient and negative rela-
tive humidity anomaly across Arizona and New Mex-
ico. North–South and East–West gradient values were
entered into the logistic regression model to capture vari-
ations in this geopotential height gradient pattern and a
regional average relative humidity was used to discrim-
inate variations in daily humidity anomalies (Figure 1).
The parameter estimates of these three variables were all
highly significant (p < 0.001) and the overall model was
highly significant (p < 0.001) indicating that the model

was well specified. The receiver operating characteris-
tic (ROC) curve produced an ‘Area Under Curve’ value
of 0.93281 indicating that the model is well balanced
between producing a low number of false positive values
relative to false negative values at a range of probability
thresholds (Swets, 1988).

The model is well specified, but does not perfectly
fit the input data. A pseudo-R2 value can be calcu-
lated relative to an idealized, saturated model but does
not represent percent variance explained like a tradi-
tional R2 value. This model has an R2 value of 0.45,
which represents a reasonable fit. A threshold proba-
bility of 0.50 was used to determine the occurrence of
an exceedance day. This appears to be a reasonable
threshold upon the examination of the predicted versus
observed frequencies (Figure 3). Even with a relatively
low threshold probability, the model tends to under-
predict yearly exceedance frequencies when AMJ are
considered together (Figure 3). Closer examination of the
individual months shows that the model performs the
best for the month of May. The correlations (r) between
observed and predicted exceedance day frequencies for
April, May and June were 0.35, 0.91 and 0.45, respec-
tively. Only the May correlation (r = 0.91) was signif-
icant (p < 0.001). The fact that the May exceedance
day prediction model performs best could be due to the
regional-scale nature of the analysis. Complex patterns
in moisture and storm tracks from late winter storms in
April and early season monsoon moisture incursions in
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Figure 3. Observed versus predicted exceedance day frequencies between 1988 and 2001 (n = 14, identical values in some years are plotted as
one point).
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Figure 4. Actual (grey bars) and reconstructed (black bars) May exceedance day frequencies (top), monthly ONI (middle) and PDO (5-month
running average, bottom) values. Dashed vertical lines represent major shifts in North Pacific sea surface temperature patterns.

June can impact different parts of the region, weakening
the coherence of the regional, surface-based exceedance
day signal and connection to synoptic scale circulation
features. Surface conditions are most likely to be sim-
ilar across all stations during the month of May (all
climatologically dry and warm) and would most likely
be connected to synoptic conditions in a coherent man-
ner. Model confidence is highest for May days and most
exceedance days occur during May (43% of total AMJ
exceedance days), so subsequent analyses will be con-
fined to the month of May.

Modelled May exceedance day frequencies for 1958–
2003 are shown in Figure 4, along with monthly Pacific
Decadal Oscillation (PDO) index and ONI values. Fre-
quencies are highly variable with values ranging from
0 to 8 exceedance days over the 46-year study period.
The median value is 1.5 and the range is 8, indicating
substantial positive skew.

Subtle patterns are evident when comparing the May
exceedance day frequencies with the PDO time series
(Figure 4). PDO values were generally negative for the
early part of the record with a shift towards positive
values occurring around 1976–1977. Two substantial
but short-lived shifts to negative PDO values occurred
in 1989 and 1999 during the latter part of the record
from 1977 to 2003. May exceedance day values were
highly variable during the negative PDO phase from
1962 to 1976. This period had some of the highest
predicted exceedance day frequencies for the entire
study period but also had 6 years with zero predicted
exceedance days. The shift to positive PDO values in
1976 marked a period of lower variability and also lower
exceedance day values. May exceedance day frequencies

never increase higher than 3 days from 1981 to 1989.
The shift to negative PDO values from 1989 to 1991
was accompanied by dramatic increases in predicted
exceedance day frequencies.

The above discussion relates interannual variability
in North Pacific SSTs with changing frequencies of
May extreme fire weather days. Well-known teleconnec-
tion patterns originating from equatorial SST anomalies
impact winter temperature and precipitation across the
southwest United States (Redmond and Koch, 1991; Ger-
shunov, 1998; Cayan et al., 1999; Sheppard et al., 2002).
These teleconnections appear to be limited to the winter
season for temperature and precipitation, but may extend
into the spring and modulate the occurrence of critical
fire weather circulation patterns. Transitions between El
Niño (positive ONI) and La Niña (negative ONI) condi-
tions occur about every 4 years during the early period
from 1961 to 1976 (Figure 4). These transitions may help
explain the high variability in exceedance day frequen-
cies from year to year during the same period. The pattern
of high- and low-exceedance day counts during the early
part of the record may be related to ENSO-induced atmo-
spheric teleconnections.

3.2. χ2 testing of group frequencies

No significant correlations were found when Spear-
man rank correlations were calculated between May
exceedance day frequencies and seasonally averaged ONI
and PDO indices (prior winter and spring season includ-
ing May). The patterns in Figure 4 however still suggest
a relationship between the data sets. There may be non-
linear interactions that will not be resolved by a linear
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Table I. Composite group memberships by PDO phase and ENSO state (1958–2003).

PDO positive PDO negative

El Niño 1958, 1992, 1978, 1983, 1970, 1977, 1998, 1988,
2003, 1987

1969, 1964, 1995, 1966, 1973

La Niña 2001, 1996, 1985, 1984 1972, 1962, 1976, 1971, 1974, 2000, 1965, 1989,
1999, 1968, 1975

Neutral 1997, 1961, 1960, 1982, 1980, 1993, 1981, 1986,
1994

1991, 1967, 2002, 1963, 1990, 1979, 1959

correlation analysis. An alternative analysis is to evalu-
ate the general state that each index is portraying (e.g.
El Niño, neutral or La Niña) and form categories. This
method was used by Gershunov and Barnett (1998) to
develop sea level pressure composites of general PDO
and ENSO states. A similar approach was used in this
study to evaluate the frequency of May exceedance days
by PDO phase, ENSO state and subgroups representing
the combination of both (e.g. PDO+ and El Niño). The
groupings are shown in Table I. ENSO and PDO states
from the winter months preceding the May in the question
are used. This was done with the expectation that changes
in SST reflected by the indices would take time to mani-
fest atmospheric circulation anomalies into the spring and
that the SST anomalies would persist into spring. Evaluat-
ing the lagged relationship between the SST states and the
May exceedance frequencies also affords a potential fore-
casting tool. If relationships exist, the winter SST state
could be used to project the potential extreme fire weather
activity for the upcoming spring. El Niño and La Niña
events are based on the CPC method of a 0.5- °C thresh-
old in the ONI during the winter months of DJF, where La
Niña events are >−0.5 °C and El Niño events are >0.5 °C
(CPC, 2004). PDO state is based on average values during
a longer 5-month season [November-December-January-
February-March (NDJFM)] centred on the winter months
to represent the persistent, lower variability component
of the monthly index values consistent with the approach
taken by Mantua et al. (1997) and Hidalgo and Dracup
(2003).

χ2 tests were performed between the expected and
observed proportions of exceedance to non-exceedance
days for several different groupings based on ENSO and
PDO states (Table II). The total number of observed May
exceedance days for both PDO states was significantly
(p < 0.01) different from the expected number. Fewer
than expected occurred during Mays where the winter
PDO was positive and more than expected occurred dur-
ing the negative PDO state. None of the ENSO-based
groupings had significant deviations of the observed ver-
sus expected frequencies. The observed frequencies were
higher than expected during La Niña events and were
lower during El Niño events, but not significantly differ-
ent. Grouping on ENSO and PDO states together helped
to further discriminate the relationship between May
exceedance days and Pacific Ocean states. Two subgroups
had differences in observed and expected frequencies
that were highly significant (p < 0.05). Interestingly, they

were both La Niña events but associated with different
PDO states. Mays associated with La Niña events during
PDO+ had a less than expected number of days, whereas
La Niña-PDO− had more. Neutral-PDO− also had more
days than expected contributing to the overall relationship
between PDO− and higher exceedance day frequencies.
El Niño-PDO+ had fewer than the expected days helping
to explain the PDO+/fewer exceedance day relationship.

These results suggest that Mays that follow PDO−
winters had a higher frequency of extreme fire weather
days, especially if a La Niña event was underway. The
opposite was true for Mays that were preceded by PDO+
winters and both El Niño and La Niña events. ENSO and
PDO states have rarely been implicated in explaining
springtime climatic variability across the southwestern
United States. The strongest teleconnection patterns in
the southwest United States associated with ENSO and
PDO are found during the winter with precipitation and
temperature (Gershunov and Barnett, 1998; Gutzler et al.,
2002; Brown and Comrie, 2004). This study deals with
very subtle changes in extreme fire weather events that
most likely would have very little influence on mean
monthly climate values. The relationships identified in
above the χ2 analyses are not evident when examined
with linear methods like correlation analysis.

3.3. Composite analysis

A composite analysis was performed to examine circu-
lation anomalies that may help explain the shifts in May

Table II. χ2 tests of the observed versus the expected number
of May exceedance days based on the composite group.

Observed Expected χ2 value (p)

PDO+ 32 50.5 6.91 (0.009)
PDO− 69 50.5 6.91 (0.009)
EN 24 32.9 2.36 (0.124)
LN 38 32.9 0.66 (0.417)
NE 39 35.1 0.38 (0.538)
PDO+/EN 14 22 2.76 (0.096)
PDO+/LN 2 8.8 4.83 (0.028)
PDO+/NE 16 19.8 0.59 (0.442)
PDO−/EN 10 11 0.02 (0.888)
PDO−/LN 36 24.2 5.68 (0.017)
PDO−/NE 23 15.4 3.52 (0.06)

PDO, Pacific Decadal Oscillation; EN, El Niño; LN, La Niña; NE,
neutral.
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exceedance day frequencies associated with the different
composite groups. Composites of monthly May 700 mb
geopotential height anomalies for PDO+ and PDO−
years are presented in Figure 5. The patterns are consis-
tent with the results of the χ2 test between the PDO+ and
PDO− groups (Table II). A positive–negative–positive
anomaly pattern is present on the PDO− composite,
which is similar to the exceedance day composite pre-
sented in Figure 2. Crimmins (2006) found that a strong
geopotential height gradient produced by deep troughs
moving through the southwest United States produced
the majority of dry, high wind events and extreme fire
weather days during the springtime. A negative geopo-
tential height anomaly across the western United States as
presented in the exceedance day composite (Figure 2) and
PDO− composite (Figure 5) would suggest an unusu-
ally strong trough pattern and height gradient across
Arizona and New Mexico. The opposite pattern (nega-
tive–positive–negative anomaly) is present on the PDO+
composite. Patterns on both composites have significant
anomaly areas, with the north-central United States hav-
ing the most consistent anomaly area that is highly sig-
nificant. The anomalies are weak, but do indicate a more
favourable monthly pattern that would relate to discrete
exceedance day events during PDO− than PDO+.

Subcomposites grouped by PDO and ENSO state are
presented in Figure 6. The highly significant χ2 value La
Niña groups have highly significant geopotential height
anomalies across the southwest United States. The La
Niña-PDO− composite shows a pattern with anomalous
positive geopotential height anomalies over the Pacific
and negative anomalies over the western United States.

Figure 5. May 700 mb geopotential height anomalies based on the PDO
phase grouping (solid lines, positive anomaly; dashed lines, negative
anomalies; contour interval, 2 m). Dark shading indicates significance

at 0.05 level and light shading indicates significance at 0.10 level.

This is consistent with the composite exceedance day
geopotential height anomaly pattern depicted in Figure 2.
The La Niña-PDO+ composite shows a very differ-
ent pattern with significant positive geopotential height
anomalies extending from the mid-Pacific into the south-
west United States. This subgroup has a very small sam-
ple size of 4, but reflects a consistent pattern of anoma-
lous positive geopotential heights across the southwest
United States counter to the exceedance day pattern in
Figure 2. The positive geopotential height anomaly La
Niña-PDO+ subgroup is most likely indicative of years
where a strong subtropical high dominated May weather
across the western United States, blocking the trough-
ing events necessary for extreme fire weather conditions
across the Southwest (Crimmins, 2006).

The El Niño-PDO+ and Neutral-PDO− groups had
weaker (0.05 < p < 0.1), but still notable χ2 values. The
El Niño-PDO+ composite shows a weak and generally
insignificant anomaly pattern across the United States.
A weak negative–positive geopotential height anomaly
pattern can be made out, but only the upper mid-west
has significantly positive geopotential height anomalies.
The weak negative geopotential height anomaly off the
California coast and positive anomalies over the north-
central United States suggest a pattern that is counter
to the western United States negative height anomaly
associated with exceedance days. This group has a lower
than the expected number of exceedance days, but the
anomaly pattern is weak and does not indicate any very
persistent features that would definitively explain the
reduction in the observed exceedance days.

An opposite positive–negative–positive geopotential
height anomaly pattern is present on the neutral-
PDO− composite. Significant positive geopotential height
anomalies are found over Alaska and the southeast United
States with a very weak and insignificant negative height
anomaly between these areas over the western United
States. This group had 23 exceedance days relative to the
15.4 expected (χ2; p = 0.06) and has a synoptic pattern
similar to the exceedance day composite in Figure 2. The
weak negative anomaly over the western United States
suggests that deeper negative geopotential height anoma-
lies and extreme fire weather days are associated with
passing troughs rather than a persistent pattern over the
entire month.

Both neutral-PDO+ and El Niño-PDO− had insignif-
icant χ2 values and anomaly patterns that are neither
favourable nor unfavourable for producing exceedance
days across the southwest United States. The neutral-
PDO+ composite has a negative–positive–negative
geopotential height anomaly pattern with significant neg-
ative geopotential height anomalies south of the Aleutian
Islands off the Alaskan mainland and over the eastern
United States. Weak, but significant, positive anomalies
occur only in central Canada. No geopotential height
anomalies exist over the southwest United States indi-
cating a lack of persistent circulation features for this
area.
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Figure 6. May 700 mb geopotential height anomaly composites by PDO and ENSO phase subgroups (solid lines, positive anomaly; dashed lines,
negative anomalies; contour interval, 5 m). Dark shading indicates significance at 0.05 level and light shading indicates significance at 0.10 level.

Numbers in parentheses represent number of years used in each composite group.

The El Niño-PDO− composite was similar to the El
Niño-PDO+ composite with subtle shifts in the highest
and lowest geopotential height anomalies. The negative
geopotential height anomaly off of the California coast
was significant, but shifted further west towards Hawaii.
Positive geopotential height anomalies shifted towards
the northwest United States and negative geopotential
height anomalies dominated the area south of Hudson
Bay in east-central Canada.

The anomaly patterns associated with each PDO phase
are made up of different numbers and types of ENSO
events. El Niño conditions were present for 10 of
the 23 years in the PDO+ composite, whereas 11 of
the 23 years in the PDO− composite were La Niña
conditions. This is especially evident with the PDO−

composite (Figure 5). The positive–negative geopotential
height anomaly pattern in the La Niña-PDO− composite
is very similar to the overall PDO− composite, but it
is stronger and produces significant anomalies. This ten-
dency towards more La Niña events during the negative
PDO phase and El Niño events during the positive phase
helps explain the overall shift to more May exceedance
days during PDO− and less during PDO+.

3.4. Teleconnection patterns

It is unclear what the exact mechanisms are that either
limit or promote the development of the negative geopo-
tential height anomaly pattern characterized by the daily
exceedance composite in Figure 2 during the transition
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season month of May. The neutral and El Niño sub-
composites of PDO+ have negative geopotential height
anomalies of the California coast, which may be remnants
of the Aleutian Low, a semi-permanent and key winter
circulation feature in the North Pacific. A strong Aleutian
Low is associated with the positive phase of the PDO and
typically shifts east during El Niño events (Gershunov
and Barnett, 1998; Niebauer 1998; Overland et al., 1999).
Composite analysis of several El Niño events performed
by Overland et al. (2001) showed that the strong, winter-
time Aleutian Low ended quickly in April, but negative
geopotential height anomalies persisted into June over
the North Pacific south of the original low centre. These
anomalies may be due to the changes in SST patterns
over the North Pacific induced by the Aleutian Low
that persists into the spring. The negative anomalies do
not appear to be strong enough to represent persistent,
blocking features, but may be a weak forcing mechanism
for positive geopotential height anomalies downstream
over the western United States counter to the critical fire
weather pattern in Figure 2.

The positive geopotential height anomalies over the
southwest United States during La Niña-PDO+ do appear
to represent a blocking pattern that would weaken the
geopotential height gradient associated with extreme fire
weather days as identified in Crimmins (2006). A pattern
of positive geopotential height anomalies in May would
tend to push the springtime baroclinic zone across the
western United States further north away from Arizona
and New Mexico. La Niña events were relatively rare
during the positive PDO phase of the study period with
only 4 years in the La Niña-PDO+ group. There appears
to be relatively strong agreement in the geopotential
height anomaly patterns between the 4 years, but they
account for only 9% of the total years during the study
period.

The La Niña-PDO− and neutral-PDO− represent 78%
of the total years comprising PDO−. Both of these sub-
composites have positive geopotential height anomalies
over the eastern Pacific region and negative anoma-
lies over the western United States consistent with the
exceedance day composite in Figure 2. Burnett (1994)
found that upstream positive geopotential height anoma-
lies over the eastern Pacific were a consistent fea-
ture associated with the development of negative height
anomalies over the southwest United States. Weak, win-
tertime Aleutian Lows are associated with the negative
phase of the PDO. The weaker than normal Aleutian Low
may condition North Pacific SSTs that directly or indi-
rectly promote positive geopotential height anomalies that
persist into the spring.

The constructive phasing suggested by Gershunov
and Barnett (1998) with negative PDO-La Niña and
positive PDO-El Niño events having the most stable
teleconnection patterns appears to only be valid for the La
Niña-PDO− group in this study. This group has the most
exceedance days of any group and also has a significant
positive–negative geopotential height anomaly pattern
similar to the exceedance day composite pattern. The El

Niño-PDO+ does not have a strong anomaly pattern that
would help explain its fewer than expected exceedance
days. The destructive pairing of La Niña and PDO+
actually has the strongest anomaly pattern and the pattern
explains the fewer than expected observations in this
group, but has a very small sample size and should be
interpreted with caution.

3.5. Connections to southwestern wildfire variability

Much research has documented the relationship between
ENSO variability and changes in southwestern United
States precipitation regimes during the winter months
(Redmond and Koch, 1991; Gershunov, 1998; Cayan
et al., 1999). El Niño (La Niña) events tend to bring
above (below) normal precipitation to the Southwest
during the winter months of December-January-February-
March (DJFM). Recent research has also shown that the
stability of this teleconnection is dependent on the phase
of the PDO (Gershunov and Barnett, 1998; Gutzler et al.,
2002; Brown and Comrie, 2004). The negative (positive)
phase of the PDO tends to bring more La Niña (El Niño)
events and an extended number of years with below
(above) normal winter precipitation (Gray et al., 2003).

Regional-scale wildfire variability across the South-
west has been linked to the low-frequency climate
variability inherent in the ENSO teleconnection pat-
terns discussed earlier. Swetnam and Betancourt (1998)
used ENSO to help explain periodic wildfire events in
xeric forests across Arizona and New Mexico following
sequences of El Niño and La Niña events. They hypoth-
esized that wet winters associated with El Niño events
were promoting the growth of fine fuels and suppressing
fires while subsequent dry, La Niña winters helped to
condition fuels. The sequence of climatic conditions that
promote fuel growth and fuel drying would culminate in
fire seasons with high total area burned.

The results of this study indicate that the low-frequency
wet-dry cycles associated with ENSO may not be the
only climatic components modulating fire season activ-
ity across the southwest United States. Changes in the
frequency of regional-scale extreme fire weather events
appear to change with the same low-frequency compo-
nents related to ENSO and PDO. La Niña events that
typically bring dry winters to the Southwest also are
related to a higher frequency of extreme fire weather
events in May when the PDO is in the negative phase.
Changes in the frequency of extreme fire weather con-
ditions appear to be more dependent on the longer term
shifts related to the PDO. The last several decades were
characterized by the positive phase of the PDO, several
of the strongest El Niño events on record, and excep-
tionally wet winters across the Southwest. This period
has brought unprecedented surges in biomass across the
United States, exacerbating already high fuel loadings
(Swetnam and Betancourt, 1998). A return to the nega-
tive PDO phase would mean not only an extended period
of drier conditions but also a higher frequency of extreme
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fire weather conditions during the fire season. This com-
bination could lead to catastrophic wildfire seasons with
a shift to a more consistent negative PDO phase.

4. Conclusions

Low-frequency changes in North Pacific SSTs related
to the PDO appear to modulate the frequency of May
regional-scale extreme fire weather events across the
southwest United States. Extreme event frequencies were
significantly different from expected for both positive
PDO and negative PDO years. More May events (69)
occurred during negative PDO conditions than during
positive PDO conditions (32).

Subgroups of PDO phases (positive and negative)
based on ENSO state provide further insight into the
connection between Pacific Ocean SST anomalies and
southwestern United States critical fire weather patterns.
La Niña events during the negative phase of the PDO had
the highest total number of exceedance days of any sub-
group. About 700 mb geopotential height anomaly com-
posites identified a significant positive–negative height
anomaly pattern over the eastern Pacific-western United
States that is favourable for the development of extreme
fire weather conditions over the Southwest.

In general, La Niña and neutral ENSO conditions
during PDO− had positive geopotential height anoma-
lies over the eastern Pacific that may either not block
the development of negative geopotential height anoma-
lies over the western United States or actually enhance
them. This pattern appears to be favourable for devel-
oping the steep geopotential height gradients across the
Southwest necessary for extreme fire weather conditions
(Crimmins, 2006). El Niño events during both phases of
PDO had weak negative geopotential height anomalies
over the eastern Pacific and were associated with fewer
than expected exceedance days. La Niña events during
the positive PDO phase produced a significant positive
geopotential height anomaly across Arizona and New
Mexico weakening the geopotential height gradient asso-
ciated with extreme fire weather days across the region.
This subgroup was associated with only two exceedance
days when 8.8 were expected.

The higher than expected frequencies associated with
La Niña-PDO− events and the negative PDO phase in
general have important ramifications for the southwest
United States. The exceptionally wet period from 1977
to 1998 associated with extreme El Niño events and
a generally positive PDO phase may switch soon to a
more consistent negative PDO phase. This shift may not
only bring drier winter conditions as expected but also
increasing the extreme fire weather activity during the
spring. The combination of long-term fuel accumulation
spurred on by the wet period of 1976–2001, below
normal precipitation and consequent drying of fine fuels
in upcoming winters and more frequent hot, dry and
windy spring days could mean a substantial increase
in extreme wildfire activity across the southwest United
States in the coming decade.
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