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Abstract Strong winds that accentuated a fire outbreak in the western United States in early
September of 2020 resulted from an atmospheric wave train that spanned the Pacific Ocean. Days before
the atmospheric waves developed in the United States, three western Pacific tropical cyclones (typhoons)
underwent an extratropical transition over Korea within an unprecedentedly short span of 12 days.
Using a climate diagnostic approach and historical forecast data, it was found that the amplitude of the
atmospheric waves accompanying the western U.S. fire weather would not have been so profound if not
for the influence of these typhoons. Together, the recurving typhoons provided a significant source of
wave activity flux directed toward North America - amplifying the ridge over the U.S. west coast while
deepening the trough in central Canada. This anomalous circulation produced the severe frontal system
that caused extreme winds in western Oregon, Washington and California - rapidly spreading fire.

Plain Language Summary The weather pattern that contributed to rapidly spreading fires
in Oregon in early September 2020 can be traced back to an unexpected source: Three typhoons in the
western Pacific that ran into the Korean Peninsula within two weeks of each other. Together, Typhoon
Bavi, Typhoon Maysak, and Typhoon Haishen each contained enough energy to perturb the jet stream

— creating an atmospheric wave train that enhanced the hot, dry weather of the western United States.
This study uses forecast models and weather observations to show that these typhoons amplified areas of
high and low pressure in North America leading to the intense winds which rapidly spread fire in Oregon,
Washington, and California. While the impacts of climate change on these events were not evaluated

in this study, the implication is that the effect of weather extremes that are known to be exasperated by
climate warming are not always limited to the region in which those extremes occur.

1. Introduction

The unprecedented wildfires that intensified rapidly on 7 September 2020, burned over 4,000 km?, con-
tributing to a series of regional conflagrations that killed at least 33 people across the western United
States (Newburger, 2020). The remarkable spread of fires occurred in association with an extreme wind
event that brought gusts exceeding 22 m s™' to some areas of western Oregon and Washington. Strong
down-sloping winds persisted through 8 September 2020, (Figure 1a) and were caused by a powerful frontal
system associated with an unseasonably strong east-west pressure gradient (Figures 1b and 1c). Together,
the heat-trapping western ridge and the front-producing eastern trough formed a quasi-stationary wave
over North America, one that appeared to amplify unexpectedly. Days before, the western North Pacific
saw three strong tropical cyclones that passed through the Korean Peninsula in rapid succession: Typhoon
Bavi (which reached Korea on August 26), Typhoon Maysak (which reached Korea on September 2), and
Typhoon Haishen (which reached Korea and Japan on September 6). All three typhoons had maximum
sustained wind speeds greater than 32 m s™ and all of them traveled far enough north to interact with the
mid-latitude flow (Figure S1). It was the first time on record that Korea had been hit by three consecutive
typhoons within 2 weeks.

It has been established that typhoons interacting with the subtropical jet stream (Jones et al., 2003) can
perturb the extratropical flow and trigger high-impact weather events far downstream (Agusti-Panareda
et al., 2005; Harr & Dea, 2009; Hodyss & Hendricks, 2010; Pantillon et al., 2013). Archambault et al. (2013)
portrayed how a typhoon in the western North Pacific can amplify a high-latitude ridge over western North
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Figure 1. (a) Dewpoint temperature (°C) and 10-m winds at the onset of the wind event that rapidly spread fires in
Oregon and Northern California. (b) HGTsy at the same time, showing a stark pressure-gradient centered over the
Pacific Northwest. (c). Area averaged 10-m zonal wind speeds for August through September. The black rectangle in
panel b indicates the area used for the area average (124°W-121°W and 41°N-46°N). (d) Schematic diagram illustrating
the process in which a recurving typhoon impacts the downstream flow (Archambault et al., 2013).

America, contributing to an early season cold-air outbreak over the central United States (Figure 1d). Ma-
ture typhoons and extratropical-transitioning typhoons (Jones et al. 2003) are large sources of diabatic heat-
ing. This anomalous heating allows for the advection of low potential vorticity air (PV) into the upper levels
of the troposphere (Bosart & Lackmann, 1995; Evans et al., 2017; Grams et al., 2011; Riemer et al., 2008).
When a typhoon tracks far enough north to interact with the jet stream, the net result is often a compressed
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PV gradient at the location of interaction, and an intensified jet streak to the northeast of a Pacific typhoon
(Archambault et al., 2013). Subsequently, downstream extratropical cyclogenesis is enhanced in conjunc-
tion with Rossby wave dispersion (Jones et al., 2003; Riemer & Jones, 2010), which amplifies a ridge over
western North America (Archambault et al., 2013, 2015; Riboldi et al., 2018). The amplified ridge provides
dynamic forcing for a cold-air outbreak east of the Rocky Mountains along with a baroclinic/low-pressure
trough. This process is often in sync with the stationary wave regime, amplifying a ridge over the western
United States (Archambault et al., 2013; Colle & Mass, 1995).

This situation bears a striking resemblance to what transpired in September 2020, but the extent to which
three typhoons interacting with the extratropical flows in East Asia contributed to the remarkable North
American circulation anomaly is unclear. While a modeling experiment can help diagnose the evolution of
this trans-Pacific wave train, conducting an event attribution with fully coupled simulations is difficult. This
study uses the National Centers for Environmental Prediction (NCEP) Global Ensemble Forecast System
(GEFS) to evaluate members of the model that accurately captured the typhoons and those that did not.
It allows us to examine the question: Would the trans-Pacific wave train in early September have been so
severe without the upstream impacts of the three typhoons?

2. Data and Methods
2.1. Observational Analysis

To analyze the interactions each typhoon had with the mid-latitude flow, we adopted a PV framework
(Hoskins, 1997) in the non-divergent flow, computing the average 250-150 hPa PV advection to quantify
the relative impacts of each typhoon. Additionally, we evaluated the strength of the resulting northward jet
streak along with the magnitude of downstream extratropical cyclogenesis, to assess the relative strength
and coherence of each typhoon's interaction with the subtropical jet. To collectively look at the downstream
impacts of these three typhoons, we computed the Rossby wave activity flux (WAF) using the derivation of
Takaya and Nakamura (2001) to depict propagating planetary waves and their associated wave energy in
association with the mean background flow. WAF is especially useful for looking at a snapshot of migrato-
ry quasi-geostrophic wave disturbances - providing insight on the source and sink of a propagating wave
packet (Takaya & Nakamura, 2001). We averaged the 100-300 hPa geopotential height and WAF and plotted
their five-day means at three-day intervals, from 25-30 August to 6-11 September. Five-day means were
computed to focus on the collective impacts of the typhoons.

Data on the position of each typhoon were gathered from the International Best Track Archive for Climate
Stewardship (https://www.ncdc.noaa.gov/ibtracs/) (Knapp et al., 2010). For observational data analysis re-
quiring higher spatial resolution (PV, mean sea level pressure (MSLP), 925 hPa cyclone geopotential height
and zonal or meridional wind), we used ERAS5 at 6-h intervals (https://climate.copernicus.eu/climate-re-
analysis). When comparing ERA5 reanalysis with the GEFS, the ERAS5 data are interpolated to a 1 X 1°
grid using box averaging to match the GEFS spatial resolution. For broader flow features, namely 250 hPa
geopotential height (HGT,s), we used 6-h NCEP-NCAR Reanalysis (https://psl.noaa.gov/) with a 2.5° spa-
tial resolution from 1948 to 2020 (Cha et al., 2020; Lee et al., 2020; Nakamura et al., 2017; Tu et al., 2009).

2.2. Forecast Model Analysis

To evaluate the impact of the typhoons on the trans-Pacific wave train, this study used archived forecast
data from the NCEP Global Ensemble Forecast System (https://www.ncdc.noaa.gov). The GEFS is pro-
duced four times daily with forecast times out to 16 days after the initialization time. Twenty-one ensemble
members at 1° resolution are run in each initialization, with perturbations in the initial conditions gathered
from the operational hybrid Global Data Assimilation System 80-member ensemble Kalman filter (Whitak-
er et al. 2008). We analyzed the archived forecast data that were initialized from 00Z August 18 through 18Z
September 3, 2020, in order to provide enough spread for different scenarios. The forecast data evaluated
consist of four time steps X 17 days X 21 members, which results in 1,428 possible members for the analysis.
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To investigate the effect of the typhoons on the evolution of fire weather conditions, we used an area av-
erage of (6° by 6° to account for potential variations in the cyclone center) 1,000-hPa geopotential height
(HGT;,000) at the typhoon's observed location to determine whether the forecast captured the typhoon. Us-
ing HGT; o is useful because all mature typhoons have an anomalously low value at their center, allowing
for a quick evaluation of a forecasted typhoon. We mined at least 24 GEFS initializations (6 days) to select
a contiguous window of time that produced roughly equal numbers of positive and negative HGT} g cas-
es. Typhoons were evaluated during their mature phase because the observational data shows that the jet
impacts were present before the typhoon made an extra-tropical transition or dissipated. At this point, a
forecast was grouped into the “with” typhoon group if the central pressure was 1 standard deviation below
the ensemble mean HGT; o0, and into the “without” typhoon group if the central pressure was 1 standard
deviation above. Each group contained over 100 ensemble members with the large ensemble size reducing
signals not associated with typhoons. Once the typhoons were grouped, the 250 hPa geopotential height
(HGT,s0) was compared between the “with typhoon” and “without typhoon” groups, and observations.

3. Results and Discussion
3.1. Putting the Wind Event into Perspective

The 2-m dewpoint temperature shows that the severe easterly wind associated with the rapidly spreading
fires was advecting extremely dry, down-sloping winds into the Northwest (Figure 1a). The direction and
intensity of these winds resulted from the negatively tilted ridge/trough pattern over the region - with an
amplified pressure gradient driving anomalous downsloping wind speed (Figure 1b). By averaging the 10-m
zonal wind field over western Oregon (domain outlined in Figure 1b inset, 123°-121°W, 41°-46°N), we plot-
ted the daily time series of zonal wind for August and September of each year including 2020 (negative val-
ue indicates easterly wind). Compared with the 1979-2019 period, the maximum easterly wind occurring
on 8 September 2020 is the strongest easterly for this area recorded in the satellite era (Figure 1c). Strong
easterly wind causes downslope adiabatic warming/drying that enhances fire weather conditions (Mass &
Ovens, 2019). The fact that the early September easterly wind occurred during the climatologically westerly
wind regime and at the height of Oregon's fire season is what made the wildfires spread so rapidly. Note that
actual (station) wind speeds in Oregon are greater than what the reanalysis data can describe, but the data
starting in 1979 are useful for a historical perspective.

3.2. Diagnostic Analysis

The response of the jet stream (contours of PV units) to each typhoon (broadly shown by vertical veloc-
ity in green shading) and associated PV advection can be seen in Figures 2a-c. Each typhoon resulted
in northward jet perturbations which enhanced the local ridge, though Maysak appears to have had the
strongest local impact. Subsequently for each typhoon, a zonal jet streak was amplified during the mature
and decaying phase of each typhoon. Associated with the jet streak, extratropical cyclogenesis was catalyzed
over the north-central Pacific for each typhoon, although the downstream response for Haishen is notably
weaker than Bavi and Maysak (Figures 2d-2f). These results are analogous to the mechanisms elucidated
by Archambault et al. (2013) and each case resulted in pronounced ridging over the western coast of North
America, and a deepened trough over the central continent about four days after the typhoon and jet stream
interaction (Figures 2g-2i). Additionally, the peak of Maysak's downstream response occurred at the same
time as the Oregon wind event. This suggests that Maysak was the most important typhoon for amplifying
fire weather because of its timing and the magnitude of negative PV advection. It is important to note that
each typhoon's impact is not limited to a single time step and that this analysis does not show the collective
impacts of the typhoons on the mid-latitude flow.

Tracks and temporal spans are shown in Figure 3a — showing that each typhoon's path was independent
of the others but the back-to-back barrage of each storm maintained the up-stream jet perturbation show
in Figures 2a-2c. All of the typhoons served to maintain an amplified wave train across the north Pacif-
ic (Figure 3b). While the storms were temporally adjacent, a supplemental analysis (Figure S2) does not
reveal significant impacts of one typhoon on the development or track of another. The cooler sea surface
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Figure 2. (a-c) Potential vorticity units (10® m™ s> K kg™") (green contours at 2, 3, and 4 units), potential vorticity advection (orange shading) and vertical
ascent (green shading) for typhoon Bavi, Maysak, and Haishen. (d-f) Mean sea level pressure (MSLP) during the mature phase of each typhoon (solid
contours), zonal wind at 250 hPa 12 h after the displayed MSLP, and downstream MSLP 24 h (dashed contours) after the date in panel a-c. (g—i) HGT,s, with
the zonal mean removed about four and a half days after the Typhoon time step in panels a-c.

temperatures upwelled after the passing of each storm (Chang et al., 2016) might have served to weaken
Haishen, but this typhoon still resulted in downstream effects.

The five-day running means of WAF more adequately shows the collective impacts of the three typhoons.
From late August through early September, the source of the WAF continued to increase in the typhoon
region through the life cycle of each storm. It generally takes 3 days for a recurving typhoon in the mid-lat-
itude to generate an amplified ridge over western North America (Archambault et al., 2013), and Figure 3b
indeed describes such a feature in terms of the WAF propagation. Typhoon Bavi generated an area of sig-
nificant WAF to its immediate east that amplified the ridge around 150°E (25-30 August in Figure 3b). In
the next panel, from 28 August to 2 September, the downstream flow continues to amplify (31 August-5
September). The enhanced ridge over western North America then generated its own WAF in central Can-
ada, deepening the trough there (31 August-5 September). Meanwhile, Typhoon Maysak perturbed the
jet stream over east Asia — further amplifying the Aleutian low and the downstream ridge near California.
From 3 September to 8 September, Typhoon Haishen repeated the process by strengthening the source and
propagation of WAF over the course of five days, making the West Coast ridge and central Canada trough
even stronger. This enhanced ridge also contributed to the California heatwave that reached its severity on
6 September, followed by the collapse of cold air that plowed through the Intermountain West in the next
two days. While the Oregon wind event was confined to 8 September, Haishen also prolonged ridging after
the initial fire spread — maintaining anomalously warm and dry conditions. This episode of cross-Pacific
wave train activity was most pronounced from 3-8 September, associated with the heatwave in California
and extreme wind events in Oregon.

It is important to note the role of extratropical cyclogenesis (EC) in the ridge-building over the western
United States (Bosart et al., 2017; Grams et al., 2013; Archambault et al., 2013). As typhoon Bavi was matur-
ing and tracking toward the Korean Peninsula, EC was developing over the Sea of Okhotsk at 00z 26 August
(Figure 2a noted by omega at 55°N and 145°E). Subsequently, Bavi's downstream response was in-phase
with the occurring EC. Near 00z on 5 September, EC is once again fundamental to the downstream wave
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Figure 3. (a) Tracks of each typhoon with the HGT,s, at the last time step that the typhoon was tracked. The tropical cyclone symbol in red indicates the
position the storm was last classified as a hurricane by U.S. standards. (b) Average WAF for 5-day periods from 300 to 100 hPa.
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amplification - with energetic EC in the north central Pacific (Figure 2e) enhancing the western U.S. ridge
(Figure 2f). However, the upper-level WAF source associated with this EC appears to track from East Asia
(Figure 3b).

3.3. Forecast Data Investigation

Diagnostic analysis using the PV framework and WAF calculation is useful, however, it only depicts the pos-
sible source and magnitude of Rossby wave dispersion. It does not identify whether the trans-Pacific wave
train would have happened without the western Pacific typhoons. Moreover, atmospheric internal variabil-
ity can also amplify the trans-Pacific wave train without requiring external forcing like a recurving typhoon
(Orlanski & Sheldon, 1995). To account for these unknowns, we used the GEFS 16-day forecasts from 00Z
17 August to 18Z 3 September to provide the closest possible scenarios of the atmospheric circulation with
and without the forecast typhoons.

The result of our selection process is a group of GEFS members which accurately captured the position and
intensity of the typhoon (“with typhoon”), and a group which missed the typhoon (“without typhoon”).
Figure 4 shows the average HGTy,; field associated with each typhoon compared with observations, show-
ing that this selection process can effectively eliminate the typhoon - and, thus, its subsequent diabatic
heating and major influence on the background flow.

Comparing the upper-level circulation associated with each group shows how each typhoon helped amplify
the wave train pattern over the North Pacific. The HGT,s, shown in Figure 5 is a snapshot three to five days
after the mature phase of Bavi, Maysak and Haishen. The “with typhoon” HGT,s, (red contours) depicts en-
hanced extra-tropical cyclogenesis adjacent to the typhoon and a stronger ridge in western North America
accompanied by a slightly deeper trough in the upper Midwest than the “without typhoon” HGT,s, (black
contours). Typhoon Bavi alone (26 August) did not produce a substantial lingering effect on the North
American wave pattern after 4 September (Figure S1). However, Typhoon Bavi did contribute to the early
September ridge over western North America (Figure 2g, 3a, and 5a) leading to the buildup of hot and dry
conditions over the West Coast. For each scenario, the resulting upper-level circulation was more amplified
and more representative of observations with the impacts of the typhoons.

For verification purposes, we also evaluated the response of individual members between the with and
without typhoons groups. Individual members of the with typhoons group were much more accurate in
capturing the observed and amplified HGT,s, for the time steps leading up to, and during the extreme Ore-
gon wind event (Figure S3). To ensure that this ensemble mean response in the group without typhoons is
not the product of noise from our selective sampling, Figure S4 shows the distribution of maximum HGT,s
for each typhoon and each group - depicting a relatively normal distribution for each group with significant
differences between the mean.

We note that the observed circulation pattern over western North America on 8 September is still more ex-
treme than the smoother ridge provided by the with typhoons group (Figure 5b), while the forecast misses
the pronounced east-west pressure gradient over the northern Rocky Mountains. Nonetheless, the differ-
ence of the trans-Pacific wave train between the two groups is remarkable. The HGT,5, composite with
typhoons clearly depicts the amplified wave train (and high-pressure ridge) that more accurately captures
observations (Figure 5c¢).

4. Conclusions

These analyses link two meteorological extremes — connecting the western Pacific typhoon season with im-
pacts on North America's peak fire season. For the catastrophic fire outbreak in early September for western
North America, three north Pacific typhoons amplified pre-existing fire-weather and the local pressure
gradient - catalyzing an anomalous down-sloping wind event in Oregon. Each typhoon tracked far enough
north to perturb the mid-latitude flow — with the quick succession of storms (within two weeks of each
other) serving to maintain and continually amplify the downstream circulation. Additionally, our results
from the historical GEFS 16-day forecasts combined with reanalysis data support forecast models as a useful
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Figure 4. (a—c) Typhoons represented by the HGToy;s field in observations (left panel), the average HGTy,s of the “with” typhoons group, and the average
HGTy,s of the “without” typhoons group. The number of ensembles in each group is represented as n for each group. The analysis for Bavi is done with
the GEFS initialized from 12Z August 18 to 06Z August 24. Maysak's groups are made with initializations from 00Z August 23 to 18Z September 1. Finally,
Haishen's groups are composed with initializations from 12Z August 25 to 06Z September 2.

tool for rapid synoptic attribution of extreme weather events. Using this process, we determined the differ-
ence between possible atmospheric scenarios for realistic typhoon forecasts and missed typhoon forecasts.
The results are analogous to observations and show that the trans-Pacific wave train would have been less
amplified, and the fire-associated ridge less robust, without the up-stream impacts of the three typhoons.
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Figure 5. HGT,s, in observations, the with typhoons group, and the without typhoons group for typhoon Bavi, Maysak, and Haishen.

Previous modeling and observational analyses have detailed a northward shift of the typhoon track as-

sociated with enhanced greenhouse gas emissions (Oey & Chou, 2016; Sharmila & Walsh, 2018; Wang &

Wu, 2019). Further analysis is needed to determine whether or not this shift in the typhoon tracks will
accompany an increase in downstream weather perturbations.
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