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The West Pacific Teleconnection Drives the Interannual
Variability of Autumn Wildfire Weather in the Western
United States After 2000

Shizuo Liu' ©, Shineng Hu' ¥, and Richard Seager?

'Division of Earth and Climate Sciences, Nicholas School of the Environment, Duke University, Durham, NC, USA,
’Lamont Doherty Earth Observatory of Columbia University, Palisades, NY, USA

Abstract Wildfires pose a significant threat to human society as severe natural disasters. The western
United States (US) is one hotspot that has experienced dramatic influences from autumn wildfires especially
after 2000, but what has caused its year-to-year variations remains poorly understood. By analyzing
observational and atmospheric reanalysis datasets, we found that the West Pacific (WP) pattern centered in the
western North Pacific acted as a major climatic factor to the post-2000 autumn wildfire activity by inducing
anomalous high pressure over the western US via teleconnections with increased surface temperature, decreased
precipitation, and reduced relative humidity. The WP pattern explains about one-third of the post-2000 years-to-
year variance of the western US autumn wildfires. These effects were found to be much weaker in the 1980—
1990s, as the active region of WP-associated high pressure was confined to the eastern North Pacific. Such
eastward shift of the WP teleconnection pattern and its resultant, enhanced influence on the weather conditions
of western US autumn wildfire after 2000 are also captured by the sea surface temperature (SST)-forced
atmospheric model simulations with the Community Atmosphere Model version 6 (CAM6). The CAM6
ensemble-mean changes in the WP teleconnection pattern at 2000 is about half of the observed changes, which
implies that external radiative forcing and/or SST changes have played an important role in the WP pattern shift.
Our results highlight a pressing need to consider the joint impacts of atmospheric internal variability and
externally forced climate changes when studying the interannual variations of wildfire activity.

Plain Language Summary In the 21st century, particularly in recent years, wildfires have surged in
frequency in the western US during autumn, resulting in severe natural disasters and impacting human society.
Despite extensive research on summer wildfires, the causes and mechanisms of autumn wildfires remain less
understood. This study utilizes observational analysis and model simulations to elucidate the substantial
influence of the WP teleconnection on the western US autumn wildfires in the 21st century, attributed to the
eastward shift of the WP teleconnection around 2000. Additionally, our findings demonstrate that the WP
teleconnection can account for approximately one-third of the interannual variability in autumn wildfires since
2000.

1. Introduction

Wildfire is a severe natural hazard, capable of rapidly spreading, that can cause extensive damage to the envi-
ronment, wildlife, human health, and infrastructure (Moritz et al., 2014; Qiu et al., 2024; Radeloff et al., 2018).
Previous research primarily emphasized the summer season when wildfires typically break out most frequently.
In recent years, climate change has extended the wildfire season in the western US, now encompassing not only
summer but also autumn and even December (Goss et al., 2020; Hawkins et al., 2022; Williams et al., 2019; Zou
et al., 2021). In November 2018, wildfires in California were severe natural disasters, causing at least 85 deaths
and 16.5 billions of dollars in damage, which is one of the costliest wildfire events recorded in the modern era in
the US (https://www fire.ca.gov/our-impact/remembering-the-camp-fire). In fact, autumn has experienced the
highest number of wildfire events in the US (https://www.ncei.noaa.gov/access/billions/), while investments in
firefighting resources are comparatively less in the autumn than in the summer (Goss et al., 2020). This motivates
us to investigate the factors contributing to the autumn wildfires over the western US.

During the past two decades, numerous studies have investigated the various factors contributing to the increased
frequency and duration of western US wildfires in summer and attributed the cause to factors such as earlier
spring snowmelt (Westerling et al., 2006), reduced precipitation and/or humidity (Holden et al., 2018; Jacobson
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et al., 2024), anthropogenic global warming (Abatzoglou & Williams, 2016; Harvey, 2016; Jones et al., 2022;
Marlon et al., 2012; Turco et al., 2023; Williams et al., 2019), etc. Although drought induced by human-driven
global warming is considered the main factor that leads to a substantial rise in summer wildfires across the
western US, atmospheric variability also plays an important role (Diffenbaugh et al., 2021; Zhuang et al., 2021). A
previous study found that anthropogenic global warming accounts for two-thirds of the increase in wildfires
during the entire fire season, while internal variability contributes to the remaining one-third (Zhuang
et al., 2021). Concurrently, most studies primarily concentrated on analyzing the reasons for summer wildfire
trends, with comparatively limited literature on the factors contributing to its interannual variability. Jacobson
et al. (2022) have shown how interannual variability of burned forest area in California in summer is related to
precipitation, temperature, humidity, circulation and vapor pressure deficit anomalies stretching back into the
prior winter.

As summer wildfires have attracted much attention recently, there are relatively fewer studies investigating
autumn wildfires in the western US and why there have been more frequent outbreaks in recent years. Goss
et al. (2020) found that increasing temperature and decreasing precipitation had contributed to increases in
likelihood of extreme wildfire conditions in California in autumn over the past four decades. Zou et al. (2021)
demonstrated that the reduction of summer Arctic sea ice was a contributing factor to autumn wildfire incidence in
the western US. Hawkins et al. (2022) found anthropogenic climate change was exacerbating autumn fire weather
extremes, similar to summer. In this study, we delve into the key atmospheric dynamical factors affecting autumn
(from September to November) wildfire interannual variability in the western US, which remains not fully un-
derstood yet.

The West Pacific (WP) pattern is an important internal atmospheric variability pattern of the climate system over
the North Pacific (Linkin & Nigam, 2008), which can significantly influence North American winter hydro-
climate (Baxter & Nigam, 2015; Linkin & Nigam, 2008). The North Pacific Oscillation (NPO) is the upper-air
geopotential height signature of the WP, also suggested to affect North American winter climate
(Rogers, 1981; Sung et al., 2019). Previous studies documented that the winter and summer WP/NPO had shifted
eastward in recent decades, thereby intensifying its impact on extreme weather events (Hu et al., 2023; Sung
etal., 2019; Tian et al., 2024; Xu & Fan, 2020; Yeh et al., 2018). Based on the previous studies, the eastward shift
of the WP/NPO pattern may have been caused by various factors, including the change of the mean state of
tropical Pacific SST (Park & An, 2014), the depression of convective activity in the central Pacific (Sung
et al., 2019), long-term changes of Arctic sea ice (Hu et al., 2023; Kim et al., 2020; Xu & Fan, 2020), changes in
North Atlantic SST (i.e., Atlantic Multidecadal Oscillation) (Aru et al., 2023) or the inherent variability within the
system itself. Here, we have found a notable eastward shift of the autumn WP after 2000, which will be described
in detail later. This shift may have the potential to influence the occurrence and intensity of wildfires during
autumn in the western US by affecting the temperature, precipitation, relative humidity (RH), and vapor pressure
deficit (VPD) in the region.

In this study, we will use observational and atmospheric reanalysis datasets, as well as CAM6 Atmospheric Model
Intercomparison Project (AMIP) outputs to explore this question. The paper is organized as follows. Section 2
describes data and methods, including observational and simulated data selection as well as analysis methods.
Section 3 presents the linkage between WP and western US wildfires in the observation. Section 4 presents the
shift of the CAM6 simulated WP pattern and its relationship to western US wildfires. Section 5 discusses the
potential explanations for the WP shift. Section 6 summarizes and discusses the results.

2. Data and Methods
2.1. Observational Data

In this study, we first use a new observational database of locations and sizes of individual fires in the western US
[Western US MTBS-Interagency (WUMI) wildfire database] (Juang et al., 2022). It is a set of high-resolution
maps of large wildfires (>4.04 km?) provided by the Monitoring Trends in Burn Severity (MTBS) program
(Eidenshink et al., 2007) and wildfires >1 km? from the National Wildfire Coordinating Group (NWCG), and the
California Department of Forestry and Fire Protection (CalFire). This fire database consists of 18, 368 western US
fire events from 1984 through 2019.
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Next, several indices are used in this study in order to integrate the complex interactions between climate drivers
and wildfire danger. In this study, we use the Canadian Fire Weather Index (FWI) to represent potential fire
danger (Van Wagner, 1987), which has been widely used for the US and Canada (Hawkins et al., 2022; Zou
etal., 2021). We use two FWI datasets, one is from gridMET (Abatzoglou, 2013) and the other is an ERA5-based
FWI product (Vitolo et al., 2020). GridMET is a dataset of daily high-spatial resolution (~4 km, 1/24th degree)
surface meteorological data covering the contiguous US from 1979-yesterday (https://www.climatologylab.org/
gridmet.html). It integrates the spatial characteristics of gridded climate data from Parameter-elevation Re-
gressions on Independent Slopes Model (PRISM, Daly et al., 2008) and temporal attributes of gridded climate
data from the North American Land Data Assimilation System Phase 2 (NLDAS-2, Mitchell et al., 2004). The
ERAS5-based FWI product is provided by the Copernicus Emergency Management Service, computed with
meteorological fields from the ERAS reanalysis (https://cds.climate.copernicus.eu/cdsapp#!/dataset/cems-fire-
historical ?tab%20=form), with a 0.25° spatial and daily temporal grid, covering the period from 1 January 1979 to
31 December 2022.

Besides these two FWI datasets, we also use maximum temperature (7)), precipitation accumulation (Pr) and
RH from gridMET, and 500 hPa geopotential height (Z500) from ERAS5 (Hersbach et al., 2020). The WP index
comes from the Climate Prediction Center (CPC) (https://psl.noaa.gov/data/correlation/wp.data). The CPC uti-
lizes the rotated principal component analysis (RPCA) method described by Barnston and Livezey (1987) to
calculate the WP index. WP is defined as the fourth RPCA mode of the Z500 anomalies. The teleconnection
patterns in the RPCA approach are identified based on the entire flow field over the Northern Hemisphere, and not
just from height anomalies at select locations, so it can get better continuity of the time series and robust patterns.
VPD is calculated from maximum temperature and relative humidity (Zhuang et al., 2021) as follows:

T — 273.15
e, =611.2 % exp (17-76*m) v
VPD = ¢,(1 — RH) @

where T,

max 18 in K, RH is expressed as a fraction and e, is the saturated vapor pressure in Pa.

2.2. The Community Atmosphere Model Version 6 (CAM6) Atmospheric Model Intercomparison Project
(AMIP) Experiments

We use the prescribed SST global Atmospheric Model Intercomparison Project (AMIP) ensembles forced with
observational SST and sea ice with CAM6 that are performed by NCAR (https://www.earthsystemgrid.org/
dataset/ucar.cgd.cesm2.cam6.prescribed_sst_amip.goga.all_years.atm.proc.monthly_ave.html). The CAM6 runs
have a horizontal resolution of 1.25° longitude by 0.9° latitude and a total of 10 ensemble members. We focus on
1979-2021 in CAM6 AMIP experiments due to a limited time span from 1850 to 2021. Similar to the observation,
an RPCA analysis is applied to the CAM6 Z500 for each model for the entire Northern Hemisphere to get the WP
teleconnection (Li et al., 2020). We also used CAM6-simulated 7,,,,, Pr and RH, along with VPD calculated by
Formulas 1 and 2. Given the complexity of FWI calculations and the comprehensive characterization of fire
weather conditions by VPD (Zhuang et al., 2021), we opted not to compute CAM6 FWI in this article.

2.3. Statistical Significance Test

A linear regression analysis is conducted to examine the statistical relationships between year-to-year variations
of the WP and other variables at each grid point for these two periods. In CAMS6, linear regressions are calculated
for each individual run, and then the multi-run mean is obtained by averaging the regression patterns. Subse-
quently, the significance levels of regression in observations and model results, and later minus earlier regressions
in the model use the two-tailed Student's ¢ test (Wilks, 2006). In this study, we used a 90% confidence level. For
the model results:

t=—— 3)
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where X denotes the ensemble mean regression or the later minus earlier regressions in CAM6 AMIP experiment.
o represents the standard deviation of the anomalies of variables among CAM6. N is the number of the runs.

2.4. Dynamic Diagnostic Methods

Wave activity flux (WAF) is used to study the propagation of Rossby wave. In this study, the WAF formula
proposed by Plumb (1985) is used as a powerful diagnostic tool of the three-dimensional propagation of Rossby
waves. The horizontal component of Plumb flux is expressed as follows:

\2 2.1
14 oy 107y
F=—|[—| —y —/—— 4
47242 cos@ <6l> Voor @
P 61//’ 61/// ’ 021///
o=y )
2a*\ 04 0@ 0A0D

where p is the pressure level, a is the Earth's radius, A and ¢ are longitude and latitude, respectively, and y’
represents the deviation of stream function from its zonal mean value. For steady flows over reasonably long
periods, such as the seasonal mean, Plumb flux is parallel to the group velocity of the stationary waves and its
divergence (convergence) is associated with their source (sink) (Plumb, 1985).

3. Observational Impacts of WP on Autumn Western US Wildfires

The WP pattern is one of the dominant teleconnections that control the climate variability of the western US
(Linkin & Nigam, 2008; Sung et al., 2019). Through analyzing a recently published wildfire database consisting
of 18,368 wildfire events across the western US (the domain is 32°N-50°N, 125°W-110°W) from 1984 to 2019
(Juang et al., 2022), we found a significant correlation between the autumn WP index and the forest wildfire
burned area in the western US from 2000 to 2019, with a correlation coefficient of 0.55 (p < 0.01). However, the
correlation coefficient between the two was lower at only —0.09 during 1984—-1999. To test the robustness of these
results, we repeat the correlation analysis using two widely used FWI datasets. Similarly, we have identified a
statistically significant correlation between the WP index and the FWI for both gridMET (r = 0.61, p < 0.01) and
ERAS (r=10.56, p < 0.01) since 2000, but not before 2000 (Figures 1b and 1c). Those changes of the WP-wildfire
correlations were accompanied by the changes of the characteristics of the WP index in both its dominant fre-
quency and variance (Figure 1d). The spectral power of WP during 1979-1999 is almost evenly distributed across
different frequencies, resembling white noise, but during 2000-2022, has a preferred period around 3 years. The
variance of WP increased from 0.39 during 1979-1999 to 0.44 during 2000-2022. Since the autumn wildfire
burned area (represented by WUMI index) and the general fire intensity potential (represented by FWI index)
over the western US are both significantly correlated with WP in the post-2000, this demonstrates that the WP
pattern plays a robust role in influencing the interannual variability of autumn western US wildfires in the 21st
century. Given that the correlation coefficient between the WP and the WUMI burned area is 0.55 and the
correlation coefficient between the WP and the FWI reaches 0.61, the WP index can explain 31%-37% (about one
third) of the interannual variability of autumn wildfires in the western US after 2000.

Why did the correlation coefficient between the WP index and forest wildfires in the western US begin to rise after
2000? In short, the enhanced influence of the WP pattern on the western US autumn wildfire might be linked to
the eastward shift of the WP pattern in autumn (Figures 2b and 2d). More specifically, the center of the North
Pacific dipole pattern and the anomalous cyclonic circulation over the western North America both exhibit a
significant eastward shift after 2000. The difference in the regression of Z500 onto the WP index between the
latter period and the earlier period indicates that changes are prominent over the western North Pacific, central-
eastern North Pacific and western North America (Figure 2f). This finding is consistent with previous studies that
have similarly suggested an eastward shift of the NPO/WP pattern but for the winter season (Sung et al., 2019; Xu
& Fan, 2020; Yeh et al., 2018). The cause of the eastward shift of the WP pattern is out of scope of this study, but
some speculations are provided in Section 5.

The eastward shift of the WP pattern results in a ridge of high pressure in the western US (Figure 2d), which
promote subsidence with warming, a clear sky and fewer clouds, facilitating radiative warming and collectively

LIU ET AL.

40of 15

ASUAOIT suowwo)) aAnear) ajqeordde ayy £q pauraaos are sajonIe y( tasn Jo sa[ni 10y K1eiqr auljuQ) L[IAY UO (SUONIPUOI-PUB-SULIA) WO KA[1M’ AIeIqi[aur[uo//:sdny) SUonIpuo)) pue SWLd [, 3yl 23S “[$707/11/61] uo Kreiqiy auruQ Kd[ipy ‘sarreiqry AIsIaAtun eiqunjo) £q ZZ60049+202/6201°01/10p/wod Kajim: Kreiqipaurjuo-sqndnde/:sdny woiy papeojumo( ‘[ [ ‘40T ‘LLIFSTET



Y ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Earth's Future 10.1029/2024EF004922

(a) WP & WUMI burned area (b) WP & gridMET FWI
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Figure 1. The comparisons of autumn WP index (negative phase, blue curve) from 1979 to 2022 and three western US
wildfire indices: the average of western US burned area (WUMI, red curve, unit: km?) from 1984 to 2019 (a), western US
gridMET FWI index (red curve, unit: %) from 1979 to 2022 (b), western US ERAS5 FWI index (red curve, unit: %) from 1979
to 2022 (c). The correlation coefficient (r) reaches 0.55 for WUMI and WP, 0.61 for gridMET FWI and WP, and 0.56 for
ERAS FWI and WP in post-2000, statistically significant at the 99% confidence level. The wildfire indices are calculated
over the domain: 32°N-50°N and 125°W-110°W. (d) The spectral variance density (Y-Axis) versus frequency (X-Axis) for
1979-1999 WP (red curve) and 2000-2022 WP (blue curve), respectively.

contributing to arise in temperature (Wendler et al., 2011) (Figure 3b). Northwesterly flow under the eastern flank
of the ridge and the western flank of the low centered between the Great Lakes and Hudson Bay will promote
descending air and reduce both precipitation and relative humidity across the western US (Figures 3d and 3f). A
significant warming combined with a reduced relative humidity lead to an increased VPD (Figure 3h), which
enhances the risk of large wildfires over the western US in autumn (Figures 2c and 2d) (Seager et al., 2015). In
contrast, before 2000 the WP is westward displaced over the North Pacific leading to only weak influences on
temperature, precipitation, relative humidity, and VPD in the western US (Figure 3) and hardly affecting autumn
western US wildfires (Figures 2a and 2b). It is worth noting that, although a correlation between the autumn WP
index and the northern or southern US wildfire exists (Figures 2a and 2d), we did not focus on the connections in
these regions due to the relatively low frequency of autumn wildfires there.

The green asterisk in Figures 2¢ and 2d correspond to the site of the Camp Fire in November 2018, the deadliest
and most destructive wildfire in California's history (California Department of Finance, 2019). This region is in
the center of the region where the significant WP-wildfire relationship is identified (Figures 2c and 2d), sug-
gesting a potential influence of the WP pattern on the occurrence of this exceptionally severe autumn wildfire
event in California. Consistently, the regressions of FWI against the WP index (Figures 2c and 2d) show a similar
spatial pattern to the change in the annual area burned by fires over the western US between 1984-2001 and 2002—
2020 as illustrated in the US Environmental Protection Agency (https://www.epa.gov/climate-indicators/climate-
change-indicators-wildfires, their Figure 5). This indicates that in addition to increasing wildfire risk, the WP
pattern also seems to be partly associated with the expansion of wildfire burned areas after 2000. However, since
the WP index does not have an obvious increasing trend, the multidecadal increasing trend of autumn wildfire
activity may be more due to the late 1990s PDO shift (Seager et al., 2023), global warming effect (Abatzoglou &
Williams, 2016; Goss et al., 2020) or the increased expansion of human settlements into forested areas (Balch
et al., 2017; Hantson et al., 2022). In this study, our primary focus instead lies on examining the interannual
variability of the autumn wildfires in the western US and its driving factors.

To validate the robustness of our results, we have also used another approach to compute the WP index for
comparison. As the Pacific/North American (PNA) pattern is the dominant mode of atmospheric variability in the
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(a) 1979-1999 gridMET FWI Reg. WP

(b) 1979-1999 ERAS5 FWI and Z500 Reg. WP
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Figure 2. The regressions of autumn gridMET (a), (c) and ERAS5 (b), (d) FWI and Z500 against the normalized negative WP
index over 1979-1999 (top row) and 2000-2022 (second row), respectively (e), (f) Later minus earlier regressions of
eridMET FWI (e), and ERAS FWI and Z500 (f). The green asterisks in ¢ and d correspond to the site of the Camp Fire.
Stippled areas in (a)—(d) denote the regressions of FWI significant at the 90% confidence level based on a two-sided Student's

t test. Contour intervals are at 2 m in (b) and (d). The orange box in (c) is the domain (32°N-50°N and 125°W-110°W) which
is used to calculate the wildfire indices in Figure 1. The zero contour is suppressed in all plots.

North Pacific, we first remove its influence from the 500 mb geopotential height variations in 1979-2022 through
an EOF analysis. Then we conduct the EOF analysis again on the residual 500°Nmb geopotential height over the
North Pacific region (20°N-70°N, 120°E—120°W) for the two periods 1979-1999 and 2000-2022, separately.
The dominant mode of the residual 500 mb geopotential height is expected to be the WP pattern. The identified
dominant patterns in the two periods (Figure 4) look similar to Figures 2b and 2d overall with spatial correlation
coefficients of 0.87 and 0.93, respectively. The difference of the WP between the two periods (i.e., 2000-2022
minus 1979-1999) also shows a similar pattern to Figure 2f, with a spatial correlation coefficient of 0.78.
These results suggest that the eastward shift of the WP pattern is a robust phenomenon and is insensitive to how
the WP index is defined.

4. Simulated Impacts of WP by CAM6 AMIP Experiment

To better understand the observed eastward shift of the WP pattern and its influence on the western US autumn
wildfire weather conditions, we conduct similar analysis but for 10 AMIP ensemble simulations with the CAM6
model (see Data and methods). To quantitatively evaluate the performance of CAMS6 in capturing the spatial
structure of WP, we calculate the WP spatial pattern for each model over 1979 to 2021 (Figure 5). The results
indicate that CAMG6 can reasonably simulate the observed WP pattern, with a spatial correlation ranging from 0.66
to 0.93 over the North Pacific sector. The multi-member mean of the WP pattern exhibits an even higher spatial
correlation with the observed WP pattern (r = 0.94).

The average WP patterns across the CAM6 AMIP simulations in the two periods are shown in Figures 6a and 6b,
which exhibit similar spatial patterns to the observations (Figures 2b and 2d) with a spatial correlation coefficient
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(a) 1979-1999 Tmax Reg. WP (b) 2000-2022 Tmax Reg. WP

hPa

Figure 3. The regression of autumn gridMET T,,,., Pr, RH and VPD against the normalized negative WP index over 1979—
1999 (left column) and 2000-2022 (right column), respectively. Stippled areas in denote values significant at the 90%
confidence level based on a two-sided Student's ¢ test.

of 0.83 for the pre-2000 period and 0.94 for the post-2000 period. A prominent eastward shift in the North Pacific
circulation patterns is identified, although the zonal shift seems to be smaller than observed. The difference of WP
pattern (i.e., 2000-2021 WP minus 1979-1999 WP) in CAM6 shows a similar spatial pattern to the observations
with positive Z500 anomalies over the western North America and negative Z500 anomaly on its west (Figure 6c;
¢f. Figure 2f). However, the negative anomaly in the eastern North Pacific lies farther north than the observation,
whereas the positive anomaly in the western US is situated farther south, and the Z500 anomalies over Asia and
the western Pacific are also different. The maximum intensity of the simulated ensemble-mean changes in Z500
over the western US is 5 m (Figure 6¢). In contrast, the observed anomalies in this area reach a maximum value of
10-12 m (Figure 2f). Thus, the intensity of these simulated, ensemble-mean changes of Z500 over the western US
is approximately half that observed (Figure 2f), which points to a potential role of atmospheric internal variability
in the observed WP shift or a potential model bias. Our further investigation on the model ensemble members
suggests that 5 out of 10 simulations exhibit a WP teleconnection shift with a similar amplitude as the observed
shift.

Next, our analysis will focus on the specific impacts of the shift of the WP on the western US autumn wildfires in
CAMBG. In contrast to the period over 1979-1999, the intensified anticyclonic circulation over the western US,
associated with the negative WP pattern in CAMO, results in an increased temperature in the entire western US
after 2000 (Figure 7b). Meanwhile, precipitation and relative humidity decrease in the northwest and southeast
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Figure 4. The negative WP patterns over 1979—1999 (a) and 2000-2022 (b), separately. The contours are Z500 anomalies and
the intervals are at 2 m. The WP patterns here are obtained by performing EOF on Pacific/North American (PNA)-removed
residual heights and for two time periods separately. The zero contour is suppressed in all plots.

regions of the western US. Consequently, these changes lead to an increased VPD across the western US
(Figure 7k) and thus promote favorable conditions for wildfires. However, the warmer temperatures and rising
VPD are primarily limited to the northwestern and central western regions of the US, slightly northward relative
to the observed anomaly. This difference is likely attributed to the positive Z500 anomalies in the multi-run mean
WP not extending as far southward as observed after 2000. Before 2000, the westward displacement of the WP
pattern results in an increased precipitation and relative humidity over California, ultimately contributing to the
decrease in VPD. Finally, comparing later and earlier regressions, it is evident that the eastward shift of the WP
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Figure 5. Negative WP spatial patterns for the observations over 1979-2022, the multi-run mean of CAM6 AMIP
experiments and each run over 1979-2021, respectively. The contours are Z500 anomalies and the intervals are at 3 m. The
values in brackets indicating the spatial correlation coefficient between its spatial pattern and the observed WP over the
North-Pacific sector (20°N-70°N, 120°E—120°W). The zero contour is suppressed in all plots.

induces an increased temperature, a decreased precipitation, a decreased relative humidity, and an enhanced VPD
across the entire western region (Figures 7c—7i and 71), consistent with the observed changes.

5. WP Related Rossby Wave Flux in Observation and CAM6

In this section, we attempt to further explore the potential dynamical mechanisms behind the shift of the WP
pattern after 2000. Previous studies emphasized stationary wave activities in understanding circulation pattern
shifts (Han et al., 2023; Liu et al., 2020). In this study, we employ the wave activity flux (WAF), calculated with
Plumb's formulation (Plumb, 1985), as an indicator of the propagation of stationary Rossby waves, and analyzed
its pattern associated with the negative WP index for the two periods in the observation and CAM6 (Figure 8).

Before 2000, in the observations, a wave train is initiated at the North Pacific jet entrance, propagating eastward
along the waveguide of the subtropical jet stream, and gains energy from strong barotropic instability at the North
Pacific jet exit (Branstator, 2002), then strengthening in the northeastern of the Pacific and crossing the western
North America afterward (Figure 8a). After 2000, the weakening of the jet stream (Figure 9a) resulted in the
westward shift of the cyclonic circulation at the entrance of the North Pacific jet (Figure 8c). This shift caused the
formation of two branches of Rossby wave trains, one propagating northeastward to Russian Far East and the
other propagating southeastward to central tropical Pacific, separately. These two Rossby wave trains then
converged and intensified as they moved toward the exit of the North Pacific jet, subsequently spreading further
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(a) 1979-1999 CAM6-mean WP
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Figure 6. Multi-run mean autumn WP pattern (contours) over 1979—1999 (a) and 2000-2021 (b) from 10 CAM6 AMIP runs.
(c) The difference of the multi-run mean WP between 2000-2021 and 1979-1999 (i.e., 2000-2021 minus 1979-1999). The
contours are 2 m intervals for (a), (b) and 1 m for (c). Shading areas in denote Z500 anomalies significant at the 90%
confidence level based on a two-sided Student's ¢ test. The zero contour is suppressed in all plots.

toward North America (Figure 8c). During the post-2000 period, the wave train in CAM6 over the Pacific closely
mirrors the observed phenomenon (Figure 8c). Consistently, the changes in the jet stream in CAM6 over the North
Pacific around 2000 are comparable with observations (Figure 9). This implies that the interdecadal shift in the
global SST and/or the changes of external radiative forcing have contributed to the eastward shift of the WP
through both tropical and high-latitude pathways. This is consistent with previous studies attributing winter WP
shifts to the changes of Arctic sea ice (Hu et al., 2023) or tropical SST and convection (Sung et al., 2019). A more
definitive attribution on the shift of the WP pattern requires further investigations.

6. Summary and Discussion

In recent decades, autumn wildfires became a recurrent concern in the western US, significantly influencing
ecosystems, property, infrastructure, livelihoods, and safety in the region (Goss et al., 2020). Despite the severity
of these events, previous research on autumn wildfires has been relatively scarce. This study using observational
and atmospheric reanalysis datasets and CAM6 AMIP experiment outputs finds that the eastward shift of the WP
teleconnection circulation is associated with an influence on the autumn wildfires in the western US after 2000
(Figure 10). This eastward shifted WP pattern contributes to over one-third of the observed interannual autumn
wildfire variation in the western US in the 21st century. The eastward shift of the WP teleconnection results in,
during its negative phase, a high-pressure ridge in the western US, fostering subsidence with the resultant
adiabatic warming and a clear sky with radiative heating. Meanwhile, precipitation and water vapor are reduced.
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(a) 1979-1999 Tmax Reg. WP (b) 2000-2021 Tmax Reg. WP (c) later minus earlier regression of Tmax

-0.25
hPa

Figure 7. Multi-run mean regressions of T, (first row), Precipitation (second row), RH (third row), VPD (bottom row) against the negative WP index over 1979-1999
(left column) and 2000-2021 (middle column) in CAM6. The right column is the difference of the corresponding regressions between 1979-1999 and 2000-2021 (i.e.,
2000-2021 minus 1979-1999). Stippled areas denote values significant at the 90% confidence level based on a two-sided Student's 7 test.

Therefore, the post-2000 negative phase of the WP pattern causes an increased VPD and raises the risk of autumn
wildfires. This phenomenon is identified in both observations and SST-forced atmospheric simulations with
CAMBG, but is more pronounced in the former. Before 2000, the WP pattern could only induce a high-pressure
system in the eastern North Pacific and therefore did not play a noticeable role in the autumn wildfires in the
western US (Figure 10). The eastward shift of the WP is shown to be associated with the eastward propagation of a
wave train, originating in the subtropical jet entrance in the mid-latitude northwest Pacific. After 2000, two
branches of Rossby wave trains will propagate from the aforementioned region, one propagating northeastward to
the Arctic and the other propagating southwestward to the tropic. They will then intensify at the exit of the North
Pacific jet stream. This result suggests that both the Arctic and tropics may exert a certain influence on the shift of
the WP (Sung et al., 2019; Xu & Fan, 2020).

It is worth noting that WP, or similarly NPO, is the only climate mode that is significantly correlated with the
autumn western US wildfires after 2000, among other climate indices like Nifio3.4, PNA, North Atlantic
Oscillation (NAO), Pacific Decadal Oscillation (PDO), etc. Furthermore, this mechanism is unique in autumn, not
in summer when wildfires are also active. During summer, atmospheric teleconnections are generally weaker,
including those connected to fires (Jacobson et al., 2022), leading to a weaker impact on the weather patterns in
the western US, and consequently, a weaker influence on wildfires. The WP shift around 2000 also predominantly
occurred in autumn and winter, not in summer.

Although CAMS6 simulations seem to reveal a discernible link between the decadal variations in global SST or
changes of external radiative forcing and the shift of the WP, the simulated intensity of the eastward shift of WP
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Figure 8. WP related 200 hPa PSI (stream function, shaded area) and Rossby wave flux (WAF, vectors) during Pre-2000 period (a), (b) and Post-2000 period (c), (d) in

the observation (left column) and CAMS6 (right column).

pattern is considerably weaker than observed, only reaching half that of the observation. Our results suggest that

the observed shift in WP around 2000 is attributed to a combination of anthropogenic forcing and natural vari-

ability, and both factors need to be considered for a full understanding. We also use Coupled Model Intercom-
parison Project Phase 6 (CMIP6) for further analysis. The simulated magnitude for the shift of WP is quite weak
over western US, only 5% of that in the observations (not shown), although the difference of WP pattern (i.e.,
2000-2022 WP minus 1979-1999 WP) in CMIP6 shows a similar spatial pattern to the observations and CAM6
simulations. The weaker WP shift in CMIP6 than in observations or CAM6 simulations could result from that

coupled climate models are generally unable to adequately simulate the observed tropical ocean warming pattern
that can modulate the teleconnections, as illustrated in previous studies (e.g., Liu & Hu, 2024). In addition, long-
term changes in Arctic sea ice or Atlantic sea surface temperature could also contribute to the shift of the WP
teleconnection (Aru et al., 2023; Park & An, 2014; Sung et al., 2019; Xu & Fan, 2020; Yeh et al., 2018).

(a) Obs U200 difference & U200 climatology
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Figure 9. The differences of U200 between the post-2000 period and pre-2000 period in observation (a) and CAMS6 (b) (i.e., post-2000 minus pre-2000). The blue dashed
and red solid contours represent negative and positive U200 differences with 0.5 m/s intervals for (a) and 0.25 m/s intervals for (b). The black contours in (a) and
(b) represent the climatological U200 over the entire period with an interval of 6 m/s. The zero contour is suppressed in all plots.
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Figure 10. Schematic diagram showing the mechanisms of the influence of the WP on the interannual variability of autumn
wildfire weather in the western US, comparing the period after 2000 to that before 2000. After 2000, an anticyclonic
circulation associated with the WP emerged over the western US, a weather pattern that increases the risk of autumn wildfires
in the region. Before 2000, this circulation was centered over the eastern North Pacific and had little influence on wildfires in
the western US. H and L represent the WP-related anticyclonic and cyclonic circulations, respectively. The red (blue) color
indicates an increase (decrease) in the risk of autumn wildfires.

Besides the WP teleconnection, many other factors can potentially influence wildfires, including both climatic
and non-climatic factors. For non-climate factors, previous studies indicate that since 2000, the rise in wildfires
beyond the twentieth century is closely tied to the expansion of human settlement into undeveloped, high-fire-risk
areas, which increases fuel exposure to human ignition sources (e.g., Balch et al., 2017; Hantson et al., 2022).
Nonetheless, Abatzoglou and Williams (2016) attribute just over half the increase in burned forest area to human-
induced climate change. Another previous study shows that the reduction of Arctic sea ice in autumn can also lead
to high pressure in the western US through teleconnection, favoring weather conditions conducive to wildfires
(Zou et al., 2021). Indeed, we find that the autumn FWI in the western US after 2000 is significantly correlated
with the SST (r = 0.54) and the sea ice concentration (r = 0.47), but its underlying causality and mechanism
remain elusive. Thus, the factors influencing the US wildfire weather conditions are likely multifaceted, and the
exact mechanisms and their attribution need to be further explored.
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