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In September 2020, Western North America was impacted by a highly anomalous meteorological event. Over the
Pacific Northwest, strong and dry easterly winds exceeded historically observed values for the time of year and
contributed to the rapid spread of several large wildfires. Nine lives were lost and over 5000 homes and busi-
nesses were destroyed in Oregon. The smoke from the fires enveloped the region for nearly two weeks after the
event. Concurrently, the same weather system brought record-breaking cold, dramatic 24-h temperature falls,
and early-season snowfall to parts of the Rocky Mountains. Here we use synoptic analysis and air parcel back-
ward trajectories to build a process-based understanding of this extreme event and to put it in a climatological
context. The primary atmospheric driver was the rapid development of a highly amplified 500 hPa tropospheric
wave pattern that persisted for several days. A record-breaking ridge of high pressure characterized the western
side of the wave pattern with a record-breaking trough of low pressure to the east. A notable anticyclonic Rossby
wave breaking event occurred as the wave train amplified. Air parcel backward trajectories show that dry air
over the Pacific Northwest, which exacerbated the fire danger, originated in the mid-troposphere and descended
through subsidence to the surface. At the same time, dramatic temperature falls were recorded along the east side

of the Rocky Mountains, driven by strong transport of high-latitude air near the surface.

1. Introduction

Beginning on 6 September 2020, an exceptional weather event
impacted much of the Western United States (US) resulting in wide-
spread impacts. The event led to devastating wildfires spread by
extremely strong winds in the Pacific Northwest (Abatzoglou et al.,
2021; Mass et al., 2021), an intense air pollution event in Oregon’s
Willamette Valley (Conrick et al., 2021), and record-setting snowfall in
parts of the Rocky Mountains. Impacts across the west lasted several
days to weeks, with amplified wildfire activity on 7 and 8 September
(Rasmussen et al., 2021), snowfall on 8 to 10 September (National
Weather Service [NWS], n.d.-a, n.d.-b), and unhealthy/hazardous air
quality from 10 to 17 September (US Environmental Protection Agency
[EPA], n.d.). In this paper, we document the evolution of several key
meteorological variables leading up to and during the event using syn-
optic analysis and air parcel back trajectories for locations representing
a diverse range of event impacts.

During the weather event, fire impacts were greatest across the state
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of Oregon where over one million acres burned (Oregon Department of
Emergency Management [ODEM], n.d.), largely attributable to the rapid
spread of five ‘megafires’ (larger than 100,000 acres) beginning on 7
September (Rasmussen et al., 2021). 84% of the burned area was within
the forests of the western Cascade Mountains (Rasmussen et al., 2021),
resulting in what was likely the most severe wildfire season for the
western Cascades in at least the last 120 years (Abatzoglou et al., 2021).
However, evidence for similar or even larger fires over the region exists
in paleo- and dendro-ecological records (Reilly et al., 2022). While most
of the acres burned were classified as forest, several more developed
communities across Oregon were directly impacted by the two largest
wildfires, the Lionshead and Beachie Creek, that cumulatively burned
nearly 400,000 acres in the Cascades (ODEM, n.d.), leading to signifi-
cant structural loss and damage in the Detroit Canyon and elsewhere.
Additionally, two wind-driven fires outside of the Cascades were
notable: the Almeda Drive Fire which brought an extensive loss of
property and life to urban communities in southern Oregon, and the
Echo Mountain Fire which devastated a community near Lincoln City,
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Fig. 1. Potential temperature on the 2 PVU surface (in K, shaded) and 250 hPa geopotential height (contoured every 120 m) over North America at 00, 06, 12, and 18

UTC on (a-d) 6 September, (e-h) 7 September, and (i-1) 8 September.

Oregon. While most of the wildfire activity was confined to Oregon, the
Babb fire also largely destroyed the eastern Washington city of Malden
(Mass et al., 2021).

This wildfire activity across Oregon prompted local non-profits,
volunteer groups, and religious organizations to provide food and tem-
porary shelter for thousands of displaced individuals (Braverman et al.,
2021; Oregon Department of Transportation [ODOT], 2022). This rapid
migration was further complicated by a range of hazardous conditions
including rock falls, landslides, downed trees and powerlines, and the
significant destruction of several state highways (ODOT, 2022). The
wildfires across Oregon ultimately led to the evacuation of over 40,000
people, destruction of 5000 homes and businesses, and loss of nine lives
in the state (ODOT, 2022). The event has also been estimated to be the
most economically impactful disaster in Oregon, with a current recovery
cost of $355 million and an estimated $5.9 billion in economic impacts
on Oregon’s Forestry Sector (ODOT, 2022; Rasmussen et al., 2021).

Shortly after the rapid spread of fires in the Oregon Cascades,

widespread wildfire smoke led to abnormally high levels of air pollution
across the region. The fires, combined with easterly winds, resulted in
the transportation of smoke into the Willamette Valley (Conrick et al.,
2021). As a consequence, large portions of the state experienced wide-
spread smoke for nearly two weeks, specifically from 7 to 18 September.
The Portland, Oregon Metro area experienced eight days of very
unhealthy/hazardous PMs 5 concentrations from 10 to 17 September,
including five consecutive days of hazardous levels (>250.5 pg/mg),
which became the most extreme PM; 5 pollution event in at least the last
24 years (EPA, n.d.). Additionally, Portland and several other cities
across the state (Eugene, Bend, Medford, and Klamath Falls) reached
record-high Air Quality Index (AQI) levels on either 12 or 13 September
(Oregon Department of Environmental Quality, 2020). The smoke led to
widespread air pollution exposure as it blanketed much of Oregon and
portions of Washington and California and continued to spread across
the US in the following days (Juliano et al., 2022).

Oregon’s healthcare facilities experienced a 24.9% increase
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Fig. 2. 250 hPa wind speed (in m/s, shaded) and 250 hPa geopotential height (contoured every 120 m) over Western North America at 00, 06, 12, and 18 UTC on

(a-d) 6 September, (e-h) 7 September, and (i-1) 8 September.

statewide in urgent care and emergency department admissions due to
smoke-induced respiratory distress (Trenga, 2023). Hispanic and Latino
populations were disproportionately impacted with these groups
seeking care for asthma-like symptoms at a rate 6.6% higher than the
state average (Trenga, 2023). Additionally, persistent headaches,
sleeping difficulties, anxiety, and depression were frequently noted
health issues wrought by prolonged exposure to wildfire smoke (Brav-
erman et al., 2021). The smoke also created challenges for individuals
experiencing breathing difficulties due to COVID-19 by further
compromising their lung health (US Centers for Disease Control and
Prevention, 2023), and the enhanced PM; 5 concentrations may have led
to more COVID-19 deaths during this pollution event (Zhou et al., 2021).

In addition to the wildfires and air pollution in the Pacific Northwest,
the same weather system brought record-setting cold temperatures for
the time of year to parts of the Rocky Mountains, the US Southwest, and
the US Great Plains, just days after record-setting warmth. For example,
Denver, Colorado recorded its warmest temperature (33.9 °C on 7

September) ever for a day preceding measurable snow (25 mm on 8
September; NWS, n.d.-a). Winter-like conditions followed summer-like
weather in other cities including Grand Junction, Colorado, which set
a daily precipitation and daily low temperature record on 8 September
(NWS, n.d.-b).

The meteorology associated with the wildfire impacts in the US Pa-
cific Northwest has been documented by Abatzoglou et al. (2021) and
Mass et al. (2021). They demonstrated that exceptionally strong and dry
downslope easterly winds on 7 and 8 September facilitated the rapid
spread of several fires, particularly in the Oregon Cascades, com-
pounded by dry conditions and low fuel moisture. Such downslope wind
events are common drivers of rapid and destructive wildfire spread
under dry conditions in the Western US (Abatzoglou et al., 2023; Mass
and Ovens, 2019; Nauslar et al., 2018), and easterly winds are associated
with wildfire conditions in the Pacific Northwest (Gedalof et al., 2005).
At the synoptic scale, a highly amplified blocking pattern in the
mid-to-upper troposphere developed, a pattern previously associated
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Fig. 3. 500 hPa geopotential height anomalies (in standard deviations, shaded) over Western North America at 00, 06, 12, and 18 UTC on (a-d) 6 September, (e-h) 7
September, and (i-1) 8 September. Standard deviations are computed by dividing Z500 values at each time step by the standard deviation of the calendar day’s Z500
frequency distribution. Grid cells with record high (low) geopotential height relative to the daily mean Z500 climatology for the calendar day are marked with black

(gray) hatching.

with wildfires in the Pacific Northwest (Gedalof et al., 2005; Hostetler
et al., 2018; Jain and Flannigan, 2021; Sharma et al., 2022; Trouet et al.,
2009). Here we build on Abatzoglou et al. (2021) and Mass et al. (2021)
by expanding analysis beyond the Pacific Northwest and using air parcel
back trajectories to diagnose the dynamics and thermodynamics that
made this event so historic.

2. Data and methods

All gridded atmospheric data are from the Modern-Era Retrospective
Analysis for Research and Applications, Version 2 (MERRA-2), provided
on a 0.5° latitude by 0.625° longitude grid (Gelaro et al., 2017). 500 and
250 hPa geopotential height (Z500 and Z250, respectively), 250 hPa
winds, sea level pressure (SLP), and air temperature on pressure levels
are provided at a 3-h temporal resolution, while the dynamic tropopause

pressure, 2-m dew point temperature (DP2M), and 2-m air temperature
data are provided at a 1-h resolution. Potential temperature (0) was
interpolated to the dynamic tropopause, defined as the PVU = 2 surface
(1PVU=10°m?s 'K kg‘l), from the nearest pressure levels. Z500
daily climatological averages, maximums, and minimums were calcu-
lated for the historical period of 1980-2019.

Air parcel trajectories for 6 locations across the Western US were
computed using the National Oceanic and Atmospheric Administration’s
Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model, which utilizes a hybrid Lagrangian and Eulerian approach to
calculate atmospheric parcel trajectories and dispersion (Stein et al.,
2015). The HYSPLIT model was run through the Real-time Environ-
mental Applications and Display sYstem (READY) web-based interface
using Global Forecasting System (GFS) archived forecast meteorological
data available as a 0.25° latitude-longitude grid (Rolph et al., 2017). We
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Fig. 4. Sea level pressure (contoured every 4 hPa) and sea level pressure anomalies (in standard deviations, shaded) over Western North America at 00, 06, 12, and

18 UTC on (a-d) 6 September, (e-h) 7 September, and (i-1) 8 September.

note that while we use MERRA-2 as our primary dataset, it is not an
available meteorological input in the READY system and was therefore
substituted with GFS for parcel trajectories.

3. Results
3.1. Synoptic analysis

One of the key meteorological features of this event was a notable
Rossby wave break (RWB) that occurred over Western North America.
For this reason, we define the meteorological event of focus as the period
leading up to, including, and briefly succeeding the RWB, which was
associated with much of the widespread surface impacts including
wildfires in the Pacific Northwest and heavy early-season snow in the
Rocky Mountain region. Therefore, this study will analyze the meteo-
rological development from 6 to 8 September 2020.

Toward building a synoptic storyline for the event, Figs. 1-6 show

the progression of key meteorological fields every 6 h starting at 00 UTC
on 6 September and ending at 18 UTC on 8 September. Figs. 1 and 2
depict the upper-level circulation evolution showing potential temper-
ature on the dynamic tropopause (2PVU-6), Z250, and 250 hPa winds.
At 00 UTC on 6 September, a prominent upper-level ridge over the entire
Western US is evident by the north-south 2PVU-6 and associated Z250
gradients north of the region (Fig. 1a and 2a). As 6 September pro-
gressed, the ridge shifted west and built poleward, resulting in high
2PVU-60 south of Alaska and equatorward extensions of low 2PVU-6 on
either side (Fig. 1b-d). This synoptic pattern rapidly changed on 7
September as the ridge south of Alaska expanded northward and the
trough to its east surged south with a prominent anticyclonic RWB
occurring between 12 UTC and 18 UTC on 7 September over the
Northwestern US and Western Canada (Fig. 1e-h). This is also evident in
the polar jet in Fig. 2g with a reversal of the westerlies within the jet
corresponding to the wave break.

By 00 UTC on 8 September, a prominent upper-level omega block
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Fig. 5. 2-m dew point temperature (in degrees Celsius, shaded) over Western North America at 00, 06, 12, and 18 UTC on (a-d) 6 September, (e-h) 7 September, and

(i-1) 8 September.

centered just west of the Pacific Coast is evident on both the 2 PVU
surface (Fig. 1i) and 250 hPa geopotential height and wind fields
(Fig. 2i). A region of very low 2PVU-6 for the latitude was drawn into the
Southwestern US and a corresponding closed Z250 low developed
(Fig. 2k). This upper-tropospheric progression highlights the dramatic
amplification of the upper-level dynamics and development of a strong
blocking pattern during 7 and 8 September, driving rapid surface
weather changes and severe weather impacts across the affected region.

In the mid-troposphere, Z500 anomalies indicate an exceptionally
strong and broad ridge (as indicated by daily record Z500 values) pre-
sent across much of the western conterminous US at 00 UTC on 6
September, with the largest geopotential height anomalies centered over
the states of Utah, Arizona, and Nevada (Fig. 3a). The anomalous ridge
gradually strengthened and expanded over the northeast Pacific while a
weak cutoff low that developed near the 140°W meridian and 35°N
parallel slowly strengthened and drifted west (Fig. 3b-d). Z500 was the
highest in the MERRA-2 daily climatology record (dating back to 1980)

over much of the Western US on 6 September, as seen by the black
hatching in Fig. 3, with anomalies exceeding three standard deviations
in much of the ridge (Fig. 3a-d).

Major changes to the mid-level synoptic pattern began on 7
September as a rapidly developing trough lowered Z500 first across the
northern tier of the US and then over much of the Western US within
hours, coincident with the anticyclonic RWB (Fig. 3e-h). At the same
time, the Z500 ridge over the northeast Pacific amplified poleward and
the cutoff low over the Pacific drifted slowly westward. This created a
notable zonally oriented Z500 gradient over the Northwestern US and
Western Canada, indicative of a sharp tropospheric airmass boundary.
The offshore cutoff low located equatorward of the Z500 ridge created a
Rex block-like pattern towards the end of 7 September (Fig. 3h). The
strong ridge continued to break record high Z500 for the date while the
developing trough on the eastern periphery of the study domain began
to break record low Z500 (Fig. 3e-h).

On 8 September, the developing trough continued to propagate
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towards the southwest with an area of maximum negative height
anomalies and record low Z500, seen by the gray hatching in Fig. 3,
centered over Utah at 06 UTC (Fig. 3j). Note that the region of record
low Z500 at this time was collocated with the region of minimum 2PVU-
0 (Fig. 1j and 3j). The upper-level trough continued to strengthen and
resulted in widespread record low Z500 for the date across the South-
western US, with anomalies over six standard deviations below normal
(Fig. 3k and 1). Remarkably, many of the grid cells with record low Z500
had record high Z500 only one to two days prior, indicating a highly
amplified upper-level pattern over the Southwestern US. It is also
notable that by 18 UTC on 8 September, Z500 values in the cutoff low
west of the ridge also ranked as the lowest in the MERRA-2 record for the
day (Fig. 3l), further evidence of an exceptionally amplified wave
pattern. The offshore ridge also continued to break records for maximum
7500 throughout 8 September. Similar to the progression seen on the
250 hPa surface (Fig. 2), a strong 500 hPa Q block became prominent,
stabilizing the highly amplified wave pattern in both time and space

during the event (Fig. 31).

One of the most impactful components of this event was the strong
surface winds across the Pacific Northwest that facilitated explosive
wildfire growth in the states of Washington and Oregon (Abatzoglou
et al.,, 2021; Mass et al., 2021). The progression of the SLP field and
anomalies throughout the event is shown in Fig. 4 to aid in the diagnosis
of the drivers of the strong surface winds. On 6 September, a surface high
present in the northeast Pacific, offshore of the state of Washington,
strengthened (Fig. 4a-d). Lower SLP was present over land to the east
and south of the developing high, creating a modest SLP gradient that
promoted largely northerly to northwesterly flow across the Pacific
Northwest (not shown, can be inferred from SLP gradient).

On 7 September, a strong high pressure began to build and travel
southward from northern Canada (Fig. 4e), coincident with the eastern
(favoring upper-level convergence) side of the 250 hPa ridge (Fig. 2e).
As the record-breaking ridge and trough amplified (Fig. 3e-h), the upper-
level convergence over Western Canada and upper-level divergence over
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Colorado resulted in the continued strengthening of the high-and-low
pressure system at the surface, respectively. As a result, a very strong
pressure gradient developed across the northern tier of the US between
these systems (Fig. 4h).

The SLP gradient reached peak strength on 8 September with a very
strong gradient between a highly anomalous northern high pressure and
southern low pressure (Fig. 4i-1). A thermally induced surface trough
was also evident across Western Oregon and Washington at 00 UTC on 8
September, extending from Northern California to the west of Seattle,
Washington (Fig. 4i). As SLP continued to increase east of the thermal
trough, a surface pressure gradient developed across the Pacific North-
west that was highly conducive to strong offshore surface winds, espe-
cially over the Oregon Cascades, the region most impacted by wind-
driven fires during this event.

Another main contributor to the wildfire-conducive environment in
the Pacific Northwest was the dry conditions that developed over the
three-day event (Abatzoglou et al., 2021; Mass et al., 2021). The pro-
gression of DP2M across the US is shown in Fig. 5 as an indicator of
atmospheric moisture content. On 6 September, the DP2M pattern pri-
marily reflected surface elevation, with higher elevations showing lower
DP2M than lower elevations (Fig. 5a-d). Broad decreases in DP2M then
occurred across most of the Western US, concurrent with the strong
easterly winds in the Pacific Northwest on 7 and 8 September. At 00 UTC
on 8 September, DP2M began to decrease rapidly over the Pacific
Northwest, first over Western Washington and then over Western and
Central Oregon (Fig. 5i). By 18 UTC, very low dewpoints, in many cases
well below 0 °C, extended throughout the entire Western US and to the
Pacific Coast (Fig. 51). This rapid decrease in dewpoint followed the
RWB event and coincided with the strong offshore winds that drove the
extensive and rapidly moving wildfires in Washington and Oregon. The

very low dewpoint values that enveloped the region, however, were not
advected from a region of lower values, as there was no source region of
very low DP2M available for transport. This indicates that the very dry
air arrived through a different process which we further explore in
Section 3.2.

The effect of the rapid change in synoptic circulation over the three-
day event is visualized in Fig. 6 with 24-h change in 2-m temperature
(AT2M) alongside Z500. While AT2M was relatively modest across
Western North America on 6 September, large decreases in temperature
began to occur on 7 September as the Z500 pattern began to amplify,
with a band of negative AT2M extending from central Washington and
Oregon to the Dakotas by 18 UTC (Fig. 6h). Throughout 8 September,
large negative AT2M was recorded across much of the Southwestern US
with the area of maximum 24-h change progressively migrating to the
south and southwest along with the upper-level trough. AT2M decreases
approaching or exceeding 20 °C occurred across much of the US
Southwest with even larger temperature decreases over the southern
Great Plains on 8 September (Fig. 61). This rapid cooling over the
Southwestern US resulted in widespread record-breaking cold and pre-
cipitation, most notably in the Rocky Mountains.

3.2. Air parcel backward trajectory analysis

To better understand the processes driving the highly anomalous
surface weather and airmass transport throughout the event, we
computed air parcel backward trajectories using the HYSPLIT trajectory
model for six affected locations across the Western US. The first four
locations analyzed were those impacted by wildfire activity in the Pa-
cific Northwest and include cities across Oregon and Washington. Two
additional locations in Colorado that experienced an early-season storm
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Fig. 8. As in Fig. 7 but for Lincoln City, Oregon.

and cold outbreak were also investigated. Results for Detroit, Oregon,
which was severely impacted by the two largest wildfires in the state
during this event, the Beachie Creek and Lionshead fires (ODEM, n.d.),
are shown in Fig. 7. For each location, air parcel backward trajectory
paths were computed for the 24 h before parcel arrival at the location’s
surface (0 m above ground level) at 4-hourly intervals from 00 UTC on 6
September to 20 UTC on 8 September. For example, the parcel labeled
00 UTC for 6 September arrived at the surface in Detroit at 00 UTC on
the 6th with the backward trajectory ending at 00 UTC on 5 September.
In addition to parcel location, parcel height (H), potential temperature
(0), and ambient temperature (T) were computed along the trajectory
path (bottom panels of Fig. 7).

On 6 September, air parcels arriving in Detroit traveled relatively
short distances during the preceding 24 h (Fig. 7a). The parcels
remained near the surface and arrived in Detroit from the west, traveling
up the Detroit Canyon. Modest diabatic temperature changes reflect the
diurnal cycle and very high temperatures for the location were recorded
during the daytime hours (Fig. 7a). A similar set of trajectory paths are
seen in the first half of 7 September, with localized parcels experiencing
little heating throughout their path to Detroit (Fig. 7b).

Parcel origins shifted slightly as 7 September progressed, with par-
cels arriving in Detroit at 16 and 20 UTC traveling from the Puget Sound
region, continuing to originate near the surface and contributing to the
anomalously hot weather in Detroit (Fig. 7b, surface high temperatures
near Detroit were about 28 °C compared with an average of 23.4 °C).
Between 20 UTC on 7 September and 00 UTC on 8 September, a major
shift in parcel trajectory occurred with the first parcel on 8 September
originating over central British Columbia at 3000 m above mean sea
level (Fig. 7c). The descent of the parcel resulted in considerable adia-
batic warming. All subsequent parcels traveled from central Alberta and
originated near or above 4500 m with their descent resulting in sub-
stantial adiabatic warming (and drying, not shown in figure). In

combination with the strong winds, indicated by the large distance
traveled by the parcels over 24 h, and the hot and dry weather preceding
the wind shift, the parcel trajectories help explain the rapid fire spread
throughout the event. Additionally, the parcels’ origin at 4500 m on 8
September explains the rapid drop in DP2M seen in Fig. 6, as these
parcels originated in the dry mid-troposphere hours before arrival at the
surface.

A similar series of events is seen in the backward trajectories for
Lincoln City, Oregon, a coastal location affected by the Echo Mountain
fire (Fig. 8). On 6 September, air parcels originated just off the Pacific
Coast and traveled along the coast at the surface to Lincoln City (Fig. 8a).
During 7 September, surface-level parcels continued to travel south-
ward, along the coast from the North Pacific Coast with minimal tem-
perature changes along the way (Fig. 8b).

Comparable to what was observed in the Detroit trajectories in Fig. 7,
parcel trajectories for Lincoln City drastically changed between 00 UTC
and 04 UTC on 8 September, with trajectories shifting from a marine
origin to an interior and high-altitude origin over Western Canada
within 4 h (Fig. 8c). The first parcel on 8 September originated over
British Columbia at around 5000 m above mean sea level, while the
remaining parcels arrived from nearly 6000 m above mean sea level over
Alberta (Fig. 8c). This anomalously cold air (in an absolute sense), with
ambient temperatures nearly —40 °C, experienced strong adiabatic
warming during its descent to Lincoln City, with temperatures of some
parcels increasing nearly 60 °C during their 24-h descent (Fig. 8c). This
warm, dry, and strong offshore wind created critical fire conditions
along the typically cool and humid coastline.

The Alameda Drive fire, which caused widespread destruction to the
Rogue Valley communities of Phoenix, Talent, and Medford, Oregon was
spread by strong easterly winds. Backward trajectories for Medford are
shown in Fig. 9, which share commonalities with Detroit and Lincoln
City, although the shift in trajectory characteristics occurred a few hours
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Fig. 9. As in Fig. 7 but for Medford, Oregon.

later than in the previous examples. Trajectories traveling short dis-
tances over 24 h, indicating light winds, on 6 and 7 September (Fig. 9a
and b) were replaced by parcels originating from Western Canada well
over 6000 m above mean sea level on 8 September (Fig. 9c). These
parcels underwent strong adiabatic warming and had very low moisture
content for surface air in the region, contributing to the critical fire
weather in Medford and surrounding areas.

While the fire weather aspects of this event were most notable for the
explosive forest fires on the west side of the Oregon Cascades, Eastern
Washington, specifically the community of Malden, also experienced
severe damage from the Babb Road fire. This fire occurred in a much
drier ecosystem, primarily burning grassy vegetation (Mass et al., 2021).
Unlike the trajectories in Oregon, winds were relatively strong on the
first day of the event in Malden, with parcels traveling from the northern
Willamette Valley of Oregon on 6 September (Fig. 10a). A dramatic shift
in the parcel trajectories is again present, although this occurred hours
earlier than the Oregon trajectories, with the most notable shift occur-
ring at 12 UTC on 7 September when parcels began originating from the
northwest at higher altitudes than before (Fig. 10b).

The trajectory paths continued to shift and by the end of 7
September, originated over central Alberta 24 h prior to arrival in
Malden (Fig. 10b). This continued to be the case throughout 8
September in a pattern much like those in the previous examples
(Fig. 10c). Although similar in origin and distance of travel to the Ore-
gon trajectories, these parcels originated at lower heights and thus
experienced less adiabatic warming through descent. The adiabatic
warming that did occur while descending to Malden, however, further
dried the airmass and in combination with strong surface winds, facili-
tated rapid fire spread.

This strong and dramatic shift in the movement of tropospheric air
across the Pacific Northwest corresponds to the rapid evolution of at-
mospheric dynamics that occurred during the event. Changes in air
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parcel origination on 9 September coincide with the anticyclonic RWB
event (Fig. 2) and strong development of a mid-tropospheric high over
the Pacific Northwest (Fig. 3). The resulting extremely anomalous Z500
ridge resulted in subsidence and the transport of mid-tropospheric air
down to the surface in Oregon and Washington. Alongside these upper-
level drivers was the development of a strong meridional pressure
gradient (Fig. 4), promoting the horizontal advection from higher
pressure in Western Canada towards lower pressure in the Western US at
lower atmospheric levels. Such Z500 anomaly patterns and HYSPLIT
trajectories are also characteristics of other offshore wind-driven wild-
fire events in the Pacific Northwest (Garner and Kovacik, 2023).

The following trajectories aim to further examine the processes
associated with the unseasonable wintry precipitation and cold air
outbreak in the Rocky Mountains, with an evaluation of Grand Junction
and Denver, Colorado. Both of these regions experienced record-
breaking 24-h temperature falls and precipitation as a result of the
event. On 6 September, air parcels arriving in Grand Junction traveled
relatively short horizontal distances, with parcels arriving in the first
half of the day traveling relatively close to the surface (Fig. 11a). By the
second half of 6 September, parcels originated at higher altitudes and
descended roughly 3000 m, possibly due to convective mixing during
the daylight hours (Fig. 11a). On 7 September, parcels began traveling
longer distances from the northwest over the 24-h period with the
parcels arriving at 16 and 20 UTC showing considerable descent and
adiabatic warming (Fig. 11b). However, surface temperatures remained
below 30 °C in Grand Junction throughout the day.

As in the Pacific Northwest locations, a dramatic change occurred on
8 September, coinciding with the first day of snow in the region. Parcels
traveled from Oregon, Nevada, and Utah during the first half of the day
and later shifted to a northeasterly path with parcels coming from
Wyoming and Colorado (Fig. 11c). The most notable characteristic of the
parcels on 8 September is the diabatic cooling they experienced during
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Fig. 10. As in Fig. 7 but for Malden, Washington.

the last portion of their path as they neared Grand Junction, indicated by
the synchronous fall in ambient and potential temperatures to near 0 °C
(Fig. 11c). This cooling is likely thermodynamically driven from melting
and evaporation of hydrometeors rather than advection of cooler air, as
initial trajectory parcel temperatures did not cool proportionally
compared with the previous two days.

The parcel trajectories show a very different story for Denver
compared with Grand Junction. Parcels traveled primarily from the west
into Denver on 6 September until a shift toward the north and northeast
occurred around the end of the day on 7 September (Fig. 12a and b). This
shift coincided with much colder surface temperatures as parcels cooled
along the 24-h trajectory. Unlike at Grand Junction, the cooling was
adiabatic as parcels ascended the slope of the Great Plains, evident by
the potential temperature showing little change along the trajectory
paths on 8 September (Fig. 12c). The parcels arriving on 8 September
also started colder than the parcels on the previous two days, indicating
cold air advection also played a role. While both Colorado locations
experienced similar unusual weather, the physical mechanisms for the
dramatic cooling and early-season snow were substantially different.

4. Discussion and conclusions

During a multi-day span in the second week of September 2020, an
exceptionally impactful synoptic-scale weather event occurred across
the western half of North America. Driven by a highly amplified
tropospheric wave pattern and ensuing Rossby wave breaking, impacts
ranged from historic and destructive wind-driven wildfires across the
Pacific Northwest, to record cold and snow over the Rocky Mountains.
The anomalously warm conditions present across the region prior to the
wave amplification and Rossby wave break resulted in several regions
experiencing swings from record or near-record-breaking warmth to
record or near-record-breaking cold in a matter of hours, illustrating the
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dynamic nature of this event. While the direct impacts of the event only
lasted two or three days in most locations, lingering hazardous con-
centrations of smoke from the wildfires spread over much of Western
North America and remained under stagnant air conditions for many
days (Conrick et al., 2021).

Highly amplified tropospheric blocking events and associated RWB
have been associated with severe surface weather across the mid-
latitudes including extreme heat and cold (Millin and Furtado, 2022;
Pelly and Hoskins, 2003) and enhanced fire weather in the Northwestern
US (Zhong et al., 2020). In fact, less than one year after this event, a
record-breaking heat wave affected the Pacific Northwest and was also
associated with a blocking pattern and record-breaking ridge (Conrick
and Mass, 2023; Loikith and Kalashnikov, 2023). While diagnosing the
drivers of the wave pattern itself is beyond the scope of this current
study, evidence suggests that three western Pacific tropical cyclones that
underwent extratropical transition near the Korean Peninsula in the
span of 12 days likely contributed to the amplification of the atmo-
spheric wave train responsible for this event (Stuivenvolt-Allen et al.,
2021).

Among the many remarkable meteorological and climatological as-
pects of this event was the timing. Highly amplified wave patterns are
uncommon over the region, and the mid-latitudes in general, during the
warm season, and become more common as baroclinicity increases later
in the fall (Blackmon et al., 1977; Branstator, 1992). While strong
easterly winds have historically occurred in early September over the
Pacific Northwest and have been associated with the largest fires west of
the Cascade Mountains (Reilly et al., 2022), the 950 hPa winds observed
in September 2020 were the strongest in the observational record for the
time of year in many places (Mass et al., 2021). Had this event occurred
later in the fall, after the onset of the Pacific Northwest wet season, the
fire impacts would likely have been negligible.

Given the unusual nature of this event, it is reasonable to consider
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Fig. 11. As in Fig. 7 but for Grand Junction, Colorado.

the ways in which anthropogenic climate change could have played a
role in this and future events. While an investigation into the potential
roles of global warming for this event is not within the analysis con-
ducted here, we offer some insight. First, it is important to note that
attempting to attribute this event to a warming climate is complicated
given its many facets, all of which could be influenced by warming
differently. Regarding the atmospheric dynamics and associated wind,
Hawkins et al. (2022) show that anthropogenic warming has slightly
decreased the probability of strong offshore wind events over much of
Oregon and California in autumn, although when they occur, they are
more likely to coincide with extreme fire conditions due to warmer
temperatures. Loikith et al. (2022) show no projected increase in the
frequency or strength of ridging under a high-end warming scenario by
the end of the 21st century for summer or fall in the region where the
ridge was present during this event. Mass et al. (2021) indicate that the
energy release component, burning index, and fuel moisture were not
unusual for this time of year, but the development of record or
near-record-breaking easterly winds led to a rapid reduction in relative
humidity and an increase in fire weather indices, suggesting the rare
wind event was the primary driver of the wildfire event.

Reilly et al. (2022) also present evidence of similar or larger fires
occurring in the region prior to meaningful anthropogenic warming.
This all said, mean summer and fall temperature over North America has
increased considerably over the past several decades (Vose et al., 2017),
which would act to increase the likelihood of hot and dry antecedent
conditions in general, but would also decrease the likelihood of the re-
cord cold temperatures recorded over the Rocky Mountains. Neverthe-
less, it is important to learn from and document the drivers of such rare
extreme events to facilitate climate change attribution of complex events
and as a means of being better prepared for similar future occurrences.
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