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Abstract

The Advanced Research Weather Research and Forecasting (WRF-ARW) model was used to simulate the downscale evolving
atmospheric dynamical processes conducive to the intensification and propagation of the Tubbs Fire (2017). This wildfire
impacted Napa and Sonoma Counties, California, spreading quickly and erratically through complex mountainous terrain
due in large part to downslope Diablo Winds. The Tubbs Fire spread over 36,000 acres and destroyed 5,636 structures, kill-
ing 22. The simulations and supporting observations during the pre-Diablo Wind period indicate a well-defined inverted
surface trough in Northern California’s Central Valley, along with a strong amplifying trough in the mid-troposphere and
attendant cold frontogenesis over the Sierra Nevada. Mid-upper tropospheric jet streak flow, along with simulated and
observed soundings from Reno, Nevada, indicate a mid-upper tropospheric jet indirect, exit-region descending, secondary
circulation in conjunction with lower mid-tropospheric cold air advection caused by the southwestward low-level jet under
the upper level jet’s entrance region. These adjustments enabled the organization of a deepening and ascending inversion
over the Sierra Nevada, as well as a self-induced wave critical layer between 850 and 700 hPa prior to Diablo Wind forma-
tion. As the organizing jet streak departed, the discontinuously stratified atmosphere over the Sierra Nevada and coastal
mountains in Northern California provided a favorable environment for mountain wave amplification. Intensifying leeside
sinking motion coupled with wave steepening resulted in strong downslope winds in Northern California. Upward propagating
mountain waves are present coinciding with the steepening of the isentropic surfaces consistent with the resonant interaction
of nonlinear gravity waves. The model also simulated the development of a hydraulic jump in the lower troposphere on the
lee side of the mountain range during Diablo Wind development. The simulation and observations indicate that the favora-
ble environment for Diablo Winds resulted from the baroclinic jet-front system propagating over the Sierra Nevada when
it produced a highly discontinuously stratified atmosphere favorable for nonlinear mountain wave amplification. However,
the main surge of momentum down the leeside is only indirectly coupled with the jet streak’s exit region, being the result
of cold frontogenesis, which allows for vertically differential cold air advection and its attendant discontinuously stratified
vertical atmospheric structure.

1 Introduction

The Tubbs Fire, which began on October 8, 2017, at 9:45 pm
local time, proved to have a precursor environment condu-
cive to wildfire formation. Due in part to the excessively
54 Yuh-Lang Lin dry conditions at the surface, the Tubbs Fire grew uncon-

ylin@ncat.edu trollably and consumed over 36,000 acres and 5,636 struc-
tures in Napa and Sonoma Counties, California (CA) before
being extinguished on October 31, 2017 (Martinez et al.
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of the placement of the Tubbs Fire in the above-mentioned
counties, as well as the environmental conditions in place,
complex terrain interactions exist. Because of environmen-
tal conditions sustaining the wildfire, the complex terrain
allowed for rapid growth and intensification which leads us
to the primary scientific problem in this study, to examine
the impacts of the complex terrain surrounding the above-
mentioned counties.

1.1 Orographic effects

California provides an abundance of changing orographic
elevations ranging from the coasts bordering the Pacific
Ocean to the Sierra Nevada Mountain Range along its east-
ern border with Nevada. Because of this vast difference in
elevation, California proves to have a very complex topo-
graphic landscape. Figure 1 depicts the key geographical
features for this study. The Sierra Nevada Mountain Range
is located to the east of Sacramento near the Nevada border,
while the Coastal Mountain Range is just inland from the
Pacific Ocean where the Tubbs Fire began. In between is the
Central Valley extending along a north-northwest to east-
southeast axis separating the two terrain features. Because
of the vast change of landscape in California, there exists
three damaging windstorms which prove to be conducive to
wildfire formation. These windstorms are named the Santa
Ana, Sundowner, and Diablo winds. The Santa Ana winds
(SAW) can be found in Southern California, which can reach
wind gusts as high as 27 ms™! (~ 60 mph). In addition, SAW
events occur from mid to late morning and peak during the
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months of November to February, respectively (Smith et al.
2018). For Sundowner winds which are unique to the Santa
Barbara region in Central California, they initiate in late
afternoon/early evening and have northerly winds exiting
from the Santa Ynez mountains to the coast which always
has the coastal jet present (Hatchett et al. 2018). Finally,
the Northern California wind event that affected the Tubbs
Fire is known as the Diablo winds (DW) (e.g., Mass and
Ovens 2019) and occurs in the early morning hours during
the fall, winter, and spring months with a peak intensity in
October. DWs exhibit characteristics of excessively hot, dry,
gusty winds and are defined as (1) wind speeds greater than
or equal to 11.17 ms™! (~25 mph), (2) wind between 45
and 22.5° (NE-NNE direction), (3) relative humidity (RH)
less than 30%, and (4) at least a 3-h duration (Smith et al.
2018). These characteristics represent air parcels undergo-
ing adiabatic compression as the flow resonates over the lee
slopes of mountain ranges. In addition, Smith et al. (2018)
performed a climatological study for DWs employing data
from January 1, 1999, through January 1, 2018. These data
focused on the Northern California region from several
remote automated weather stations (RAWS). The location
for the RAWS network for this study is presented in Fig. 2.
During their study, two DW events were separated and
examined due to the intensity and later significance of the
events. The necessary conditions and characteristics of the
DWs were met and the events occurred in November 2013
and October 2017, respectively. Results of this study are
presented in Fig. 3 with the following color code for panels
(a), (b), and (c), (d). In the (a) and (b) panels, the North Bay
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Fig. 1 a Local map showing the Tubbs and other synchronous fires in the San Francisco Bay region (Krishnakumar et al. 2017) and b a terrain

map of California (Wikipedia 2021)
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Fig.2 RAWS network for climatological data (Smith et al. 2018)

wind velocity is represented by the red contours while the
wind velocity gusts are green. In addition, the wind veloc-
ity in the Sierra Nevada area is given in the dark blue lines,
while the wind velocity gusts are represented by the light
blue lines. For panels (c) and (d), RH is denoted as red for
the North Bay region and blue for the Sierra Nevada region.
In the case of November 2013, there was a rapid increase
of wind velocity and drop of RH which exceeded the DW
criteria (see panels a and c). Furthermore, the RH values
began falling at the onset of the DW event as seen in Fig. 3.

-122
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On the 21st 00 UTC, RH values were observed to be near
100%, then by the 22nd 00 UTC, RH values were below
the threshold of 30% and remained there through the 24th
00 UTC. For plots (b) and (d), which represent the Tubbs
Fire event of October 2017, the DW event was short-lived,
but met the DW criteria. On October 8th between 12 UTC
and October 9th 00 UTC, there was a rapid increase in wind
velocity which far exceeded the minimum DW criteria. In
addition, the RH values met the minimum requirement of
less than 30%. However, there was not a sharp drop in RH
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Fig. 3 November 2013 and October 2017 Diablo Wind Events (Smith et al. 2018). Color coding differentiates the two events with blue =Sierra
Nevada and red =North Bay RAWS and green indicating differences in max gusts

at the onset of this DW event due to the environment being
preconditioned with little to no moisture. As this event ended
on October 9th at 12 UTC, the wind values returned below
the minimum velocity threshold of 11.17 ms~' (Smith et al.
2018; Plymouth State University (PSU) 2022). Therefore, as
discussed above, DWs can ultimately impact the precursor
environment to wildfire events and highly influence their
behavior.

1.2 Key windstorm theories and mesoscale
dynamics

Clark and Peltier (1984), describe nonlinear effects associ-
ated with mountain waves to explain how drastic increases
in wind speeds form on the lee slopes of mountain ranges
known as downslope windstorms. In their nonlinear numeri-
cal experiments, a wave-breaking region aloft was identified,
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otherwise known as a self-induced wave critical level. In
this wave-breaking region, a wind reversal occurs, and the
critical level will act as an internal boundary reflecting the
propagating mountain waves from the surface upwards back
towards the surface, which will produce a type of severe
wind state through partial resonance with the upward propa-
gating mountain waves (Clark and Peltier 1984). Clark and
Peltier found three distinct stages for the development of
severe downslope winds, later to be known as the Resonant
Amplification Theory. The first of which is a local static
(buoyancy) instability. From the static instability, a well-
mixed region of air aloft will appear. Second, from this static
instability, a well-defined stationary disturbance, which is
large in amplitude will be generated over the lee slopes of
the mountain. Third, this region of enhanced wind on the
lee slopes of the mountain will eventually expand and pro-
gress downstream from the initial flow. Therefore, what once
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was static instability now evolves into Kelvin—Helmholtz
instability. This new instability will dominate the mature
form of the severe wind state and as mentioned in Lane
et al. (2009), below the self-induced wave critical level,
conditions become favorable for turbulent flow. This newly
formed turbulent flow is due in part to wave instability and
wave breaking as nonlinearity of the waves maximize. A
complete summary of the Resonant Amplification Theory
can be found in Lin (2007).

Smith (1985) proposed the Hydraulic Jump Theory
regarding the generation of a severe downslope wind event
(see Lin (2007) for a brief summary) that may be considered
as the mature form of the Resonant Amplification Theory.
The research attributed a high-drag (severe wind) state
to the interaction between a smoothly stratified flow and
a turbulent “dead” region known as well-mixed air aloft.
In this region of well-mixed air, density becomes constant
throughout the layer and when a high-drag state develops, a
dividing streamline surrounds the well-mixed air region at a
certain level. According to Smith (1985), below this divid-
ing streamline, the flow is considered to be smooth, steady,
nondissipative, hydrostatic, and Boussinesq. This would
be the analog to the self-induced wave critical level. It was
determined from numerical modeling that the descent of the
lower dividing streamline would begin over the mountain’s
base. Considering the basic wind flow, one assumes that it
becomes subcritical, meaning the flow velocity would be
less than the wave velocity itself, as it ascends to the moun-
tain peak. When this basic wind flow achieves the peak of
the mountain, the flow transitions into a supercritical flow
and the slope of the dividing streamline increases. Therefore,
it is often seen that the supercritical flow is greatest near the
surface, as wind speeds increase drastically. Then, this high-
drag state is confined to a relatively short distance away from
the leeward side of the mountain before being corrected back
to the initial streamline height (hydraulic jump). Once the
severe wind state on the lee side of the mountain ends, the
dividing streamline becomes ambiguous, or poorly defined,
signaling an end to the uniform density. Thus, the divid-
ing streamline completely encompasses the region of well-
mixed air of uniform density and gives a good representation
of a mature downslope windstorm (Smith 1985). We will
compare both windstorm theories to the evolution of DWs
prior to the Tubbs Fire. Note that these mechanisms could be
strongly influenced by synoptic patterns (Shin et al. 2022).

1.3 Polar jet influence on severe downslope
windstorms

Another issue we examined is the relationship between jet
forcing and severe downslope wind formation, as proposed
in Huang et al. (2009). In this study, we will focus on a com-
parison to the published Huang, Lin, Kaplan, and Charney

(HLKC) theory. HLKC found that the polar jet would play a
significant role in severe downslope windstorm development
in the case of the Cedar Fire (2003). The HLKC theory can be
understood through their conceptual model, as illustrated in
Fig. 4. For extended details, the readers are referred to Huang
et al. (2009) and Karim et al. (2022). We will present a brief
review of the HLKC theory below.

In this conceptual model, there were three specific stages
of evolution in the polar jet. Stage I (Fig. 4a) shows the polar
jet is initially positioned over the mountainous terrain with
strongest wind speeds on the 300 hPa isobaric surface and a
well-defined jet streak with a four-cell pattern indicating the
entrance and exit regions’ transverse ageostrophic secondary
circulations accompanying rising and sinking cells as defined
in Uccellini and Johnson (1979). In terms of low-level wind
adjustments, the entrance region is critical under which ther-
mal advection occurs when considerably cold air is poleward
of the jet. In this progression of the cold front in Fig. 4a, the
air mass behind the front is affected by isallobaric ageostrophic
adjustments intensifying the downstream-directed pressure
gradient force in time, under the entrance region creating a
low-level jet return branch in the same direction as the move-
ment of the dry cold front. From this adjustment, low-level
moisture divergence and cold air advection will occur over
the mountain tops enhancing the static stability directly above
the cold air advection in the mid-troposphere. During Stage II
(Fig. 4b), the cold frontal system propagates downstream, and
the jet streak aloft begins to be positively tilted as deep cold
air advection ensues suppressing rising motion, and enhanc-
ing the descent of air parcels. From this, upper level air will
descend through the mid to lower troposphere reaching the
mountain summits. Finally, in Stage III (Fig. 4¢), the jet streak
curvature aloft reaches a maximum, which couples to, and
modifies, the transverse circulation of the ageostrophic winds
resulting in a dominant along-jet sinking motion from the jet
exit region towards the surface. Near the mountain top, mes-
oscale subsidence will occur resulting in the redirection of the
wind flow towards the leeward slope. Once this descending
air mass reaches the farthest leeward slope of the mountain
range, a severe downslope wind event occurs and creates a
hydraulic jump. Therefore, this polar jet and its embedded
jet streak would play a significant role in severe downslope
windstorm development, given that the jet is positioned close
enough above the high wind state at the surface.

In this study, we will try to apply this paradigm to the
structure and evolution of the environment leading up to the
DW event prior to the Tubbs Fire.

1.4 Bore genesis influence on severe downslope
windstorms

Finally, as will be shown in the results of the manuscript,
DWs can spawn additional propagating wave phenomena

@ Springer
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Fig.4 The HLKC conceptual
model proposed in HLKC
theory (Huang et al. 2009) of
polar jet influence on severe
downslope wind events
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such as bores that may affect the wildfire environment.
In Karyampudi et al. (1995), a schematic representation
of a quasi-stationary hydraulic jump and bore genesis
was presented focusing on the severe weather outbreak
of April 13—14, 1986. The most notable feature about the
bore is that it will propagate against the background wind
flow. The original air mass of the bore at the surface will
be displaced aloft and attain buoyancy for a short time
before descending back to the surface. Therefore, the bore
would likely enhance the movements of the air mass at the
surface as it progresses away from the hydraulic jump.
This would cause a region of secondary momentum flux
as well as cooling/warming and likely be attributed to
higher wind speeds due to constriction of the air column
at the surface (Karyampudi et al. 1995). These eftects of
bore genesis will be further explored in the case of the
Tubbs Fire.

In Sect. 2, we will describe the analysis, datasets, and
numerical experiments. We will then describe analyses
of the observed and simulated synoptic environment in
Sect. 3 and mesoscale numerical simulations of the Tubbs
Fire environment focusing on how that environment gener-
ates mountain wave-induced downslope winds in Sect. 4.
Additional discussion of the simulated fields and their sig-
nificance for the Tubbs Fire environment will be included
in Sect. 4. A discussion and conclusions will be given in
Sect. 5.

Fig.5 WPS domain configura-
tion for running WRF-ARW
version 4.0
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2 Numerical model description
and experimental design

2.1 Domain configurations

The Weather Research and Forecasting model’s (WRF)
Advanced Research WRF (WRF-ARW) version 4.0 was
employed for numerical simulations. The domain configu-
ration for this study is shown in Fig. 5. The synoptic-scale
domain (DO01) covers the central and western United States
along with the southern areas of Canada. In addition, the
nested domains, domain 2 (D02) and 3 (D03), allow for
refined analysis on the mesoscale. D02 covers the western
U.S. and gives way to transition to D03 which resolves the
mesoscale features of the environment leading to the forma-
tion of the wildfire. From this configuration, the multi-scale
dynamics of the environment conducive to the Tubbs Fire
(2017) formation will be studied. In Table 1, the specific
domain setups and configurations are listed in detail. In
addition, a time step of 60 s was used with a parent grid
ratio of four for both D02 and D03 along with 50 verti-
cal levels. In addition, USGS terrain data was used to sat-
isfy the static geographical data need. Lastly, the following
parameterizations and schemes were used while running
WRF-ARW simulations: Microphysics—Purdue-Lin;
Longwave Radiation—RRTM longwave scheme; Short-
wave Radiation—RRTMG shortwave scheme; Surface

115°W 110°W 105°W 100°W 95°W
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Table1 WPS nested domain

N . Domain Grid points Resolution (dx, dy) Start End
configuration
235x186 16 kmx 16 km October 8§, 2017, 12 UTC October 9, 2017, 12 UTC
505 %369 4 kmx4 km October 8, 2017, 15 UTC October 9, 2017, 12 UTC
3 405x269 1 kmXx 1 km October 8, 2017, 18 UTC October 9, 2017, 12 UTC

Layer Physics—Mellor—Yamada—Janjic (Eta) TKE; Land
Surface Physics—Unified Noah Land Surface Model; Plan-
etary Boundary Layer Physics—Mellor—Yamada—Janjic
scheme; Cumulus Physics (D01 only)—Kain—Fritsch (new
Eta) scheme. For detailed descriptions of each scheme used
and their references, refer to ARW user manual (Skamarock
et al. 2019).

2.2 ECMWF ERAS5 dataset and graphical analysis
software

In addition to the domain configuration above, forcing data
is needed to initialize the WRF-ARW model. The European
Centre for Medium Range Weather Forecasts (ECMWF)
ERAS5 dataset was employed. ERAS offers 137 hybrid
sigma/pressure levels with the top level reaching 0.01 hPa
along with 37 interpolated pressure levels, 16 potential tem-
perature levels and 1 vorticity level. In terms of resolution,
ERAS has a parent resolution of 31 km (0.28125°). With
this high resolution, interpolation down to 16 km for D01,
all the way down to 1 km resolution for D03, as was done
for this study, provides substantial accuracy in defining the
initial state. Both atmospheric surface and pressure level
data can be downloaded from the NCAR UCAR Research
Data Archive website (ECMWF 2019).

Finally, to generate graphical output of the WRF-ARW
simulations, third party software, such as the NCAR

Command Language (NCL) was used, which is specifically
for processing, manipulating, reading, writing, and visual-
izing atmospheric modeling data. More information can be
found at ncl.ucar.edu (Meier-Fleischer et al. 2017).

3 Observational and multi-scale analyses’
results

The observational analysis will be based on the NOAA
Storm Prediction Center (SPC) RUC analyses datasets
(NOAA 2022). In addition, observed vertical profiles of the
atmosphere will be shown from the University of Wyoming
sounding archive (Oolman 2022). Subsequently, WRF-
ARW-simulated results will be presented to better under-
stand the multi-scale environment leading up to the wildfire
event.

3.1 NOAA SPC analysis

In Fig. 6a, the NOAA SPC analysis on October 9th, at 03
UTC shows a well-defined upper level trough and its associ-
ated cold front over Western California as inferred from the
temperature gradient in the red and blue dashed contours. In
addition, the geopotential height contours in black indicate
low heights in the areas surrounding the upper level trough
with the lowest height being in the vicinity of the highest

Fig. 6 Observed 700 hPa height (solid in m), wind barbs (ms™Y), tem-
perature (dashed in °C), and 700-500 hPa mean relative humidity (fill
in %) and b 850 hPa height (solid in m), wind barbs (ms_]), tempera-
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ture (dashed in °C), and dew point (fill in °C) valid October 9, 2017,
at 03 UTC (NOAA SPC 2022)
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mean RH through the 700-500 hPa layer (fill). In addition,
in Northern California, there is a very strong temperature
gradient along the spine of the Sierra Nevada consistent with
heights that support a southwestward-directed pressure gra-
dient conducive to increasing the southwestward-directed
wind velocity. The conditions listed above indicate a cold
frontal passage sweeping through the western U.S. with the
poleward component of the front impinging on northeast-
ern California. Accompanying this frontal motion, North-
ern California’s wind velocity increases along with the wind
direction shifting to the northeast. The cold air advection
provides enhanced downward motion consistent with quasi-
geostrophic theory. This downward motion will result in adi-
abatic compression of air parcels, strengthening the stable
stratification, and enhancing the near surface wind speed as
high momentum aloft sinks surfacewards.

There is a strong northeast—southwest temperature gra-
dient (warm air in red dashed contours) in both Fig. 6a, b
over Northern California. This is consistent with horizon-
tal frontogenesis that occurred by October 9th at 03 UTC.
From the dew point temperature in Fig. 6b (fill), it can be
concluded that over Northern California, trivial moisture
exists in the lower troposphere. Consistent with this dry
air, one could infer a thermally indirect secondary circula-
tion established by the jet’s right exit region with sinking
motion in the warm air accompanying mass convergence
aloft and mean sea-level pressure rises. Further support for
a thermally indirect jet secondary circulation is found in
Fig. 7. As shown, much of Utah, Nevada, and California
experience sinking motion due to integrated mass conver-
gence accompanying the thermally indirect jet secondary
circulation. In addition, Fig. 8 indicates rightward directed
ageostrophic vectors in the vicinity of Northern California
and an overall mid-tropospheric descent of relatively high

Plymouth State Weather Center

potential temperature air strengthening the front in phase
with this ageostrophy. These adjustments are consistent
with semi-geostrophic mass convergence aloft in the right
exit region extending from Central Nevada through Central
California, shown in Fig. 8b. Therefore, the isentropes are
directly forced downward over the mountains. Then, to the
northeast of the Sierra Nevada the strengthening south-
west-directed low-level pressure gradient is enhancing the
flow that transports colder air southwest towards the Sierra
Nevada in the layer from 700 to 850 hPa. An upstream
jet entrance region thermally direct secondary circulation
exists as determined from Fig. 8a and is consistent with
this low-level cold advection (Figs. 8b, 9b) from Utah into
Nevada. The thermal gradients intensify over the moun-
tains, while the effects of the warm advection and sinking
in the mid-upper troposphere in the exit region overruns
the cold air advection in the lower troposphere from the
entrance region. This will cause increasing static stability
above the mountains.

Figure 9 depicts the vertical differential lapse rate change
for the 700-500 hPa layer over the 6-h time frame valid
from October 8th, 23 UTC—October 9th, 05 UTC. The most
important features on this chart are in Nevada and Eastern
California. During the previous 6 h, the lapse rate has sig-
nificantly decreased signaling an increase in static stability
near and just above 700 hPa as relative cooling occurs at that
level in phase with the reduction in moisture content and jet
descent and warming above that level. This is on the western
side of the upper level trough which produces downward,
converging motion aloft and diverging low-level motion.
This descending motion is reinforced by the progression and
passage of the cold front, jet right exit region and their atten-
dant subsiding airflow. Therefore, the decrease in moisture
content is in the region where the wildfire event took place.

Plymouth State Weather Center

WXP ondlysis for 0000Z 9 OCT 17
(4

=75 =65 -55 -4.5-35-25 -15 -05 05 15 2

Fig. 7 a Observed 300 hPa wind velocity (fill in kt) and b velocity convergence (warm colors—positive values, cold colors—negative values in

107 s™") valid October 9th at 00 UTC (PSU 2022)
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Fig.8 Observed 300 hPa isotachs (fill), heights and ageostrophic winds as well as the 700-500 hPa layer average of omega valid October 8,
2017, at 22 UTC (a), October 9th, 00 UTC (b) and October 9th, 03 UTC (c) (NOAA SPC 2022)

In Fig. 10a, the surface analysis chart indicates that over
the central and western U.S., there is a weak, but exten-
sive frontal system. The western segment of the frontal sys-
tem extends into Northern California. Prior to the onset of
the Tubbs Fire (2017), which occurred on October 9th, at
approximately 04:45 UTC, an inverted surface trough forms
near this western segment of the frontal system. A strength-
ening surface high-pressure system forms near the coastline
of the north-western U.S. The accompanying ridge’s clock-
wise circulation propagates southwestward into Northern
California.

On October 9th, 00 UTC, the surface trough is well
defined over Northern California, shown in Fig. 10b.
Along the northern Pacific Coast and Rockies, the high-
pressure center has moved onshore and intensified to
1024 hPa. With this intensifying southwestward-directed
surface pressure gradient, winds increase over Northern
California. Due to the circulation around the high, colder
air is advected towards the central and western U.S. As this

@ Springer

air progresses and flows over mountainous terrain at and
below 700 hPa, the air parcels undergo adiabatic compres-
sion consistent with the air mass stabilization in Fig. 9.
This may result in buoyancy oscillations in the form of
mountain waves that can transfer momentum from aloft as
the airflow progresses towards the Californian coastline.
Figure 10c depicts the surface analysis chart for Octo-
ber 9th, 12 UTC. The surface high-pressure region in the
Pacific northwest has further intensified to 1031 hPa.
Resulting from this intensification, the southwestward-
directed pressure gradient along Northern California
increases. As shown in Northern California, the northeast-
erly wind weakens which would provide a less favorable
environment for erratic wildfire behavior which follows the
DW criteria. With time, the surface front has propagated
into Southern California. From this frontal propagation,
the area of cold air advection is no longer as intense in
Northern California but would be more significant around
the frontal boundary. This would result in less cold air
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Fig.9 Observed 6-h vertical differential lapse rate change from 700 to 500 hPa (negative blue (stabilization) dashed in °C km™") valid from

October 8th, 23 UTC to October 9th, 05 UTC (NOAA SPC 2022)

advection in Northern California and more cold air advec-
tion in Southern California.

3.2 Observed soundings

In Fig. 11, three observed soundings at Reno, NV are dis-
played, and valid on October 8th at 12 UTC (a), October
9th at 00 UTC (b), and 12 UTC (c). This sounding station
was chosen due to the location being far upstream of the
wildfire location to determine the synoptic precursor envi-
ronment. These soundings begin at 850 hPa, which is due to
the station’s elevation above sea-level. In panel (a), which
is approximately 17 h before the Tubbs Fire initiation, it
can be observed that there are very low dew point tempera-
tures, thus dry air at the 700 hPa level and extending up
to approximately 600 hPa. At the surface, there is a weak
north-northeasterly wind component which is confined to
low levels. In time, this will shift to a stronger northeasterly
wind at the surface and extend deeper in the atmosphere.

In panel (b), on October 9th, 00 UTC, the transforma-
tion to a stronger northeasterly wind at the surface is evi-
dent. The northeasterly wind now extends to near 700 hPa.
The stronger wind speeds are found near the surface and
are decreasing with height. Furthermore, at approximately
700 hPa, the wind velocity is nearly zero which indicates
a potential stationary mountain wave in association with a
self-induced wave critical level. In addition, at this 700 hPa
layer, the decrease in dew point temperature intensifies at
the same time cooling occurs of nearly 5 °C. The dew point
decreases from near — 15 °C to approximately —55 °C at
600 hPa. A strong potential temperature inversion exists
between the 700 and 500 hPa levels because the temper-
ature of -5 °C remains nearly constant with height until
it decreases at 500 hPa. Note the increase in wind speed
from 600 hPa through the tropopause (near 200 hPa). This
indicates the arrival of the jet exit region as the jet streak
passes near Reno, N'V. This panel indicates the observed
environment closest in time to the initiation of the Tubbs
Fire (2017). It is consistent with NASA CALIPSO A-TRAIN
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Fig. 10 Observed surface analysis chart for a October 8th, 12 UTC, b October 9th, 00 UTC and ¢ October 9th, 12 UTC (NOAA 2022)
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Fig. 11 Observed soundings from Reno, Nevada valid at October 8th at 12 UTC, October 9th at 00 UTC and October 9th at 12 UTC (Oolman
2022)

and TOMS ozone data satellite data that signal tropopause  increases, indicating moisture content is growing slightly,

folding in this region at this time (not shown). signaling that the most favorable environment for DW is
In panel (c), on October 9th, 12 UTC the wind field  diminishing. There is still a strong presence of an inversion
transitions to an easterly flow at the surface and a south-  through the 700-500 hPa layer, but the wind velocities

easterly flow near 700 hPa. The dew point temperature
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are increasing with height indicating that the self-induced
wave critical layer may not be as strong or even present.

3.3 Simulated synoptic environment conducive
to the Tubbs Fire formation

3.3.1 MSLP and geopotential height

Figure 12 depicts WRF-ARW-simulated mean sea-level
pressure and 500 hPa geopotential height from domain
DO1. Panel (a) represents October 8th, 21 UTC and panel
(g) October 9th, 03 UTC. Notice in panel (a) the struc-
ture of the MSLP field in Northern California, which is
approximately 7 h and 45 min before the Tubbs Fire (2017)

SLP(hPa) & G SLP(hPa) & G

ial Height(m)

initiation. It is evident that there is a well-defined inverted
surface trough (low pressure system) with a minimum pres-
sure of 1010 hPa. In addition, there is a developing surface
high-pressure center poleward of California in Oregon and
Washington resulting in clockwise wind flow into North-
ern California. In Oregon and Washington, cold air is being
transported from Canada towards California. Therefore, the
relatively colder, denser air would provide enhanced down-
ward motion on the leeside of the mountains. There is also a
well-defined 500 hPa trough approaching northeastern Cali-
fornia. This upper level trough provides the confluent flow
and cold advection foundation for low-level frontogenesis.
With the geopotential thickness decreasing over eastern Cal-
ifornia and Nevada and wind backing with height, vertically
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Fig. 12 Simulated MSLP (solid in black) and 500 hPa geopotential height (solid in red) valid for October 8th, 21 UTC to October 9th, 03 UTC

in increments of 1 h (Domain 1)
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varying geostrophic cold air advection sustains a strong ver-
tical potential temperature gradient between warm air in the
mid-upper troposphere and cold air in the lower troposphere.

With time, the 500 hPa height, in panels (b-c), contin-
ues to lower, progressing farther into Nevada. There is a
progression poleward of the surface inverted trough which
confines the surface low to Northern California. In panel
(d), the geopotential height in the trough begins to rise over
Nevada. This is due to this trough exiting California and
progressing farther eastward into the contiguous U.S. In
panels (e) and (f), the inverted surface trough is becoming
better organized and the isobaric gradient changes indicat-
ing a stronger surface wind field. In panel (g), the once tight
gradient of geopotential height in the vicinity of Northern
California has now weakened, and the tightest gradient has
now reformed in Southern Nevada. With this quasi-geos-
trophic height change, the frontogenetical structure would
become less significant in Northern California. However,
behind the cold front, backing wind with height continues to
bring geostrophic cold air advection in the lower troposphere
into Northern California, indicating a region of air undergo-
ing downward motion.

3.3.2 Upstream sounding validation

Soundings were extracted from the WRF-ARW D02 sim-
ulation at Reno, N'V. Figure 13a depicts the sounding for
October 8th, 12 UTC. At the surface, there are weak north-
westerly winds. However, the northwesterly winds do not
extend deep into the atmosphere before turning westerly.
Furthermore, the boundary layer exhibits a slight tempera-
ture inversion (in black) right above 850 hPa. There is a sig-
nificant drop in moisture content beginning around 750 hPa
which extends to 600 hPa. This indicates that the lower to
mid-troposphere is drying. However, approximately 17 h

REV Reno Nevada (USA) at 2017-10-08_12:00:00
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REV Reno Nevada (USA) at 2017-10-09_00:00:00

before the wildfire event, the dew point temperature is rela-
tively close to the ambient temperature at the surface. These
RH components will change and become indicative of an
environment favorable for DW.

In Fig. 13b, on October 9th, 00 UTC, the surface wind
direction has changed to northeasterly. The maximum north-
easterly wind is found near the surface before decreasing
with height. At approximately 700 hPa, the wind is calm.
With 0 ms~! winds, critical level formation conducive to
mountain waves is likely. This includes a wind reversal with
height above that level. In addition, between approximately
600 hPa and 500 hPa, there is a temperature inversion.
With this inversion, significant gravity wave energy will be
reflected downward towards the surface instead of propa-
gating into the upper troposphere consistent with the Wave
Resonance Theory of downslope windstorms referenced ear-
lier (e.g., Clark and Peltier 1984; Smith 1985). In addition
at this level, there is an enhancement of dry air compared to
panel (a). With this mid-tropospheric dry air coupled with
the capping of the boundary layer, the air parcels accompa-
nying the gravity wave reflected energy will be transported
to the surface with virtually no moisture. Thus, these con-
ditions indicate that 5 h prior to the wildfire initiation, the
environment became favorable for the erratic fire behavior.

In Fig. 13c, approximately 7 h past the initiation of the
wildfire, a transition from northeasterly winds to south-
easterly winds took place far upstream at Reno, NV. The
overall wind velocity increased in the lower troposphere
when this wind direction transition took place. In addition,
a more noticeable temperature inversion in the 725-600 hPa
layer is in place with the top of the inversion still being the
critical level with zero wind. This warming of the lower
troposphere maintains adequate conditions for the transfer
of upper level energy back towards the surface. The magni-
tude of the dew point temperature has increased from near

REV Reno Nevada (USA) at 2017-10-09_12:00:00

(wy) 146K
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-

Fig. 13 WRF-ARW-simulated soundings for Reno, Nevada (REV) valid a October 8th at 12 UTC, b October 9th at 00 UTC, and ¢ October 9th

at 12 UTC (Domain 2)
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—50 °C to —40 °C indicating that the upper level support of
surface severe downslope winds is diminishing.

3.3.3 Jet stream simulation analysis

In Fig. 14a—g, the simulated wind velocity at 300 hPa is
presented in sequence from October 8th, 21 UTC through
October 9th, 03 UTC. In panel (a), there is a jet streak
bifurcated by the massive upper level trough. Within this
streak, there is a core wind speed of 65 ms~!. Concur-
rently, the entire jet stream is propagating further equa-
torwards towards Nevada. The highest velocity of the jet
will stay well to the east of Northern California. In panel

(b) and (c), there is little movement in the position of the
jet. Even though there is little movement in the west to
east direction, it is evident that the jet stream is weaken-
ing. Another notable feature in panel (c) is that the jet
streak remains intact. In panel (d) and (e), this jet streak
begins propagating further equatorward, but the jet streak
begins weakening in the trough. From this positioning of
the jet streak, the jet streak will likely have a secondary
circulation beneath the 300 hPa level in the entrance and
exit regions in proximity to the Sierra Nevada as depicted
in Fig. 6b. Concurrently, the jet streak entrance region
would reach Reno, NV. From this exit region’s thermally
indirect transverse ageostrophic secondary circulation,
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Fig. 14 WRF-ARW simulated jet stream isotachs at 300 hPa (fill in ms™') valid a—c October 8th at 21-23 UTC, d-g October 9th 00-03 UTC

(Domain 1)
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one would expect sinking motion on the right side, near
Northern California, as shown in Fig. 8. This is consistent
with the convergence observed in Fig. 7b. From this sink-
ing motion, air parcels would undergo adiabatic compres-
sion which would inevitably help warm the air column
in the mid-troposphere. This warming of the air column
then produces the temperature inversion within the mid-
troposphere when coupled with the low-level return branch
of cold air advection under the entrance region of the jet.
Specifically, in panels (f) and (g), the jet stream begins
exhibiting a positively tilted structure which indicates the
shift in the exit region towards Northern California.

Vertical Diff. Temp. Advect. 500-700(hPa)2017-10-08_22:00:00

3.3.4 Vertically differential temperature advection

Figure 15 depicts the simulated difference in horizontal
temperature advection through the 500-700 hPa layer in
time increments of 1 h from October 8th, 21 UTC to Octo-
ber 9th, 03 UTC. In panel (a), the vertical difference in
temperature advection is consistent with significant cold
temperature advection in the lower troposphere across
Northern California. From this, one infers an implied dif-
ference in layer thermal changes, i.e., sinking air above
low-level cold air advection, thus the cold air advection
is focused within Northern California. To the northeast
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Fig. 15 Simulated vertical differential temperature advection between 500 and 700 hPa (Ks™) valid a—¢ October 8th at 21-23 UTC, d—g Octo-

ber 9th 00-03 UTC (Domain 1)
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in Nevada and Oregon, the upper level sinking, and warm
air advection is dominant. In panels (b) and (c), the tem-
perature advection values begin to increase in magnitude,
whether that be positive or negative. This increase in mag-
nitude of advection is consistent with the strengthening of
the upper level trough. In addition, the cold air advection
begins moving further equatorward. In panel (d), the cold
air advection within the 500-700 hPa layers propagates
over the Sierra Nevada Mountain Range, while the warm
air advection remains in the far northern part of Califor-
nia and well into Nevada above 500 hPa. In panel (e), the
magnitude of cold air advection and warm air advection
continue to increase as the upper level trough continues
to move equatorward into Central Nevada and Central
California. However, the areas where cold air advection
increases the most indicates the periphery of the frontal
system. Finally, in panels (f) and (g), the most significant
feature is the intense upper level warm air advection over
the Sierra Nevada Mountains. Due in part to this warm air
advection, the static stability on the windward slopes of
the Sierra Nevada Mountains increase. From this static sta-
bility parameter, one can infer that there will be advection
of potentially warm air on the right side of the jet streak
exit region from the north and northwest, which when it
comes into proximity of the cold air advection beneath it,
acts to stabilize the boundary layer structure confining the
turbulent mixing processes to very low levels. This differ-
ential advection of air masses help describe the capping of

Fig. 16 Domain 1 cross-section
configuration. Star represents
Tubbs Fire location
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the boundary layer near 700 hPa within which the critical
layer of the mountain wave resides.

3.3.5 Analysis of simulated cross-section

For the first vertical cross-sectional analysis, a cross-section
from DO1 will be utilized, as shown in Fig. 16. This cross-
section covers [125.06° W, 37.88° N]x[115.35° W, 40.63°
N] and was used to determine the effects of the jet from far
upstream along with showing the vertical structure of the
mountains.

3.3.5.1 Total wind, wind vectors, and potential temperature
(theta) Figure 17 depicts a vertical cross-section of poten-
tial temperature, wind vectors and wind velocity from DO1.
The orange star indicates the approximate location of the
Tubbs Fire (2017). In panel (a), on October 8th, 21 UTC,
the upper level jet intersects this cross-section and has
a core value of greater than 40 ms~!. This core descends
from ~200-400 hPa. Shown within panel (a), there is a tran-
sitional area in the mid-troposphere where the wind reverses
direction. In the upper atmosphere, the wind vector is shown
to be directed from approximately left to right, while in the
lower troposphere, it is directed from right to left. As time
progresses towards the initiation of the wildfire, noticeable
differences in the lower and upper troposphere take place.
Shown in panel (b), the upper tropospheric wind velocity
decreases with time. This decrease in wind velocity indi-

115°W 110°W 105°W 100°W 95°W
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Fig. 17 Vertical cross-section of simulated total wind isotachs (fill in ms™ ), theta (solid in K), and wind vectors (ms™") valid a—¢ October 8th at
21-23 UTC, d—g October 9th 00-03 UTC (Domain 1)

cates that the jet is propagating outside of the cross-section.  velocity over the area. In addition, between the 500-700 hPa
In addition, notice the relatively weak wind velocity near  levels, the isentropes begin to increase which signifies a
the location where the Tubbs Fire will form. Wind veloci-  tightening vertical potential temperature gradient. Notice the
ties vary between 4 and 8 ms~! in this location. In panel (c),  vertical tilt of the isentropic surfaces near the Sierra Nevada
the upper level jet continues to recede and decrease in wind ~ Mountains. Because of this tilt, and the critical level form-
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ing, downward motion ensues and envelops the leeside of
the mountains. In panel (d), the first severe downslope wind
event begins forming on the leeside of the Sierra Nevada
Mountains. However, this event was significantly far from
the Tubbs Fire location, therefore, not directly impacting the
Tubbs Fire. The second severe downslope wind event near
the orange star location forms and begins to become appar-
ent. Currently, on October 9th, 00 UTC, the wind velocity
begins to increase from 4 to nearly 8 ms~!. In panel (e),
the severe downslope wind event at the Tubbs Fire location
steadily increases in intensity.

From the low-level isentropic analysis, there are two dis-
tinct hydraulic jumps. The first being on the lee slopes of
the Sierra Nevada Mountains and the second being directly
above the Tubbs Fire location. Similarly, in panel (f), both
severe downslope wind events intensify and the wind veloci-
ties at the surface continue to increase. Note the winds aloft
in the 350-500 hPa layer peak at 16 ms~'. Based on this
low wind velocity, the jet is no longer in the region of either
downslope wind event. Finally, in panel (g), which is on
October 9th, 03 UTC, the hydraulic jumps become well
defined, and the severe downslope windstorms are reaching
their maximum intensity. Looking closely at the Tubbs Fire
location, there is a localized area directly above the surface
where wind velocities are exceeding 20 ms~'. However,
aloft, there is a discontinuously stratified atmosphere where
the upper level momentum does not reach the surface.

3.3.5.2 Vertical wind circulation, wind vectors, and poten-
tial temperature (theta) Figure 18 depicts the vertical wind
component in color instead of showing total speed in color.
However, in the figure, the horizontal wind vectors and theta
contours remain the same. For the initial time of October 8th,
21 UTGC, it is notable to see that the Sierra Nevada Mountain
Range leeside slope is experiencing upward motion with a
magnitude of 0.1 ms™'. Similarly, the leeside slope of the
Northern Coastal Mountain Range, where the Tubbs Fire
will be located, is experiencing upward motion, as well. In
the beginning, the isentropes are shown with few perturba-
tions through the boundary layer and above. In panel (b), the
Northern Coastal Mountain Range has upward motion on
the lee slope. However, this upward motion intensifies from
the surface through the mid-troposphere. In addition, this
continued upward motion begins affecting the theta surfaces.
From panels (b) and (c), the developing hydraulic jump takes
place over the Northern Coastal Mountain Range. With this
hydraulic jump, momentum is again lifted from the sur-
face upwards. As this hydraulic jump develops, the down-
ward motion begins to increase over the Northern Coastal
Mountain Range. However, a similar downslope wind event
over the Sierra Nevada Mountains has yet to intensify. In
panel (d), the theta contours continue to organize a well-
defined hydraulic jump on the leeside of the Sierra Nevada

Mountains. From this jump, a well-mixed “dead” region of
uniform density occurs between the theta contours consist-
ent with the Hydraulic Theory of Downslope Windstorms
(Smith 1985). This is deduced by the spacing of the con-
tours around the hydraulic jump, meaning this well-mixed
air achieves constant density through turbulent mixing. In
panel (e), the downward motion begins extending through
a deep layer near 750 hPa with an approximate velocity of
—0.3 ms™!. Another notable feature is an upward propagat-
ing mountain wave, which develops on the windward side
of the Northern Coastal Mountain Range and progresses
with considerable amplitude all the way through 300 hPa.
In panel (f), the downward velocity exceeds —0.4 ms~".
Above the planetary boundary layer, located directly above
the Northern Coastal Mountain Range, significant upward
motion takes place, followed by significant downward
motion from 450 to 200 hPa. In addition, the mountain wave
continues to amplify likely due to the wave resonance within
the discontinuously stratified atmosphere. This is inferred
from the steepening of the isentropic surfaces.

4 Simulated mesoscale environment
instrumental in erratic fire behavior

In this section, results will be presented for DO3 of the
numerical simulation. Depicted are four sets of figures. The
first of which is simulated soundings taken at the Tubbs Fire
initiation location. Second, a cross-section showing total
wind, wind vectors and potential temperature. The results
will show the localized mountain structure of the North-
ern Coastal Mountain Range along with providing a way to
describe the mesoscale dynamics of the severe downslope
winds. In Fig. 19, the specific cross-section is shown. In
addition, the star indicates the location of the Tubbs Fire.
The specific latitude and longitude coordinates for this cross-
section is [123.20° W, 38.22° N]x[121.93° W, 39.07° N].
Third, a Hovmoller diagram taken from the cross-section
shows bore genesis. Fourth, a cross-section showing vertical
wind, wind vectors, and potential temperature is presented.

4.1 WRF-ARW-simulated soundings for self-induced
wave critical level analysis

In Fig. 20, soundings were taken from the numerical simu-
lation using the latitude and longitudes of the approxi-
mate fire initialization location over the Northern Coastal
Mountain Range. In panel (a) on October 9th, 00 UTC,
the surface winds have increased over the previous hour
directed from the northeast to the southwest. While there
is significant momentum at the surface, between the lay-
ers of 850 and 700 hPa there is a drastic decrease in wind
velocity compared to the surface. In panel (b) taken on
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self-induced wave critical level during nonlinear mountain
wave amplification. This can be attributed to the increasing

zero wind above the surface is significant as it indicates a
reduction in velocity consistent with the development of a
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October 9th, 01 UTC, the velocity at the surface has
increased to a very large magnitude sustained at > 25 kt
from the same direction while it has decreased to near
zero kt in the 850-700 hPa layer. This region of near
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Fig. 19 Domain 3 cross-section
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ber 9th at 01 UTC (Domain 3)

wave-induced deceleration and the development of a well-
mixed “dead” region where density is approximately con-
stant resulting from the maximization of turbulent mixing.
This is representative of a self-induced wave critical level
where wave energy is amplified by over-reflection when
the wave causes a change (reversal) in the along-stream
pressure gradient force acting to slow the flow aloft (e.g.,

Clark and Peltier 1984). This allows for the reversal of
the wind direction, rapid deceleration, and a developing
stationary mountain wave to exist where the phase velocity
is approximately equal to the base state wind. Nonlinearity
in this process becomes dominant, which would inherently
reduce the flow even further. Momentum is then trans-
ported to the surface by the breaking wave.
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4.2 Total wind, wind vectors, and potential
temperature (theta)

In Fig. 21, a cross-section is depicted analogous to the one
in DO1, but for D0O3. From panel (a), the Northern Coastal
Mountain Range is seen. The orange star within the figure
remains representative of the Tubbs Fire location. On the
leeside of the Tubbs Fire location, slow wind velocities
of ~4 ms~! are present, valid for October 8th, 21 UTC. On
the windward side of the Tubbs Fire location, compressed
isentropic surfaces are shown near the mountain tops. In
addition, the curvature of the isentropic surface in the region
of 900-700 hPa is indicative of gravity waves resulting from
the resonance within the vertical profile of stability over the
Northern Coastal Mountain Range. In addition, on the wind-
ward side of the Tubbs Fire location, from 850 to 300 hPa,
there is a well-defined upward propagating mountain wave.
At 21 UTC, there is already a noticeable compression of
the isentropic surface accompanying wave resonance on the
leeside of the Northern Coastal Mountain Range. Although
there lacks a significant downslope wind, a well-defined
hydraulic jump has already formed. In addition, the wind
vectors indicate that there is a region aloft of a wind reversal
near the 700 hPa region. In panels (b) and (c), a steepening
of the isentropic surface on the leeside of the mountains is
present. With this steepening, the air parcels passing over
the Northern Coastal Mountain Range descend dry adiabati-
cally, which aids in increasing surface wind velocity as they
descend. Accompanying this increase in wind velocity at
the surface, the severe downslope winds begin to organize
with time. In panel (d), valid on October 9th, 00 UTC, the
surface wind velocities of ~8 ms™', begin to merge with the
upstream wind flow extending into the Northern Coastal
Mountain Range. Notice on the leeward side of the Tubbs
Fire location, the isentropic gradient is increasing at the sur-
face which foreshadows the coupling of the upstream back-
ground flow, seen in panel (e). With this coupling of the
background flow and the well-defined compression of the
isentropic surfaces, the severe downslope wind event begins.
In addition, there is a second well-defined mountain wave
forming through the depth of the troposphere resulting in the
downward flux in momentum on the leeside of the Northern
Coastal Mountain Range. In panel (f), the severe downslope
winds continue to intensify along with the steepening of
the isentropic surface. Furthermore, this sustained in-flow
of upstream wind, progresses down the slopes and into the
Pacific as seen to the lower left of panel (f). This shows the
intensity and longevity of the changing background flow. In
the last panel, (g), the intensifying downslope winds reach
a maximum of ~20 ms™' (~45 mph) over the leeside of the
Northern Coastal Mountain Range.

Within this high-drag, severe wind state, to the west of
the Tubbs Fire, (near the beginning of the cross-section),
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a family of bore-like structures begin to form as shown in
Fig. 22a. Bores are low-level wave perturbations that propa-
gate on the leeside stable layer after it has been perturbed
by the hydraulic jump-induced downslope flow (Karyam-
pudi et al. 1995). With time, as shown in panel (b), the bore
intensifies, as seen by the undulation of the isentropic sur-
face. Furthermore, the wind vector orientation at the sur-
face through 950 hPa shows a reversal with winds propagat-
ing~5 ms~! towards the Tubbs Fire location. In Fig. 20c,
the bore begins to weaken and becomes stationary. How-
ever, due to this, a second hydraulic jump forms near the
coastline. With the presence of the second hydraulic jump,
air mass displacement occurs forcing upstream air masses
to fill the void near the coastline. This amplifies the near
surface wind velocities prior to the coupling of background
upstream air flow.

In time, shown in panel (d), the second hydraulic jump is
enhanced and widens towards the coastline and the bore-like
presence begins again with support from the onshore winds
defined by the wind vectors at 950 hPa. Onshore flow into
the bore motion and enhanced static stability help sustain
the bore through ducting as described in Karyampudi et al.
1995. In panel (e), due to the coupling of upstream winds
which intensified the severe downslope winds at the Tubbs
Fire location, the onshore wind speed aloft is overtaken and
a wind reversal showing offshore flow at the 950 hPa level
occurs. Note the near surface wind direction off the Pacific
coast. This wind direction still maintains offshore flow even
without upper air support. Regarding the hydraulic jump
near the coastline, it intensifies with the increase in surface
wind speed and allows for more propagation and displace-
ment of air parcels near the Tubbs Fire location. In panel (f)
and (g), the bore propagation stops and diminishes while
the second hydraulic jump reaches maximum intensifica-
tion thus far.

4.3 Vertical wind circulation, wind vectors
and potential temperature (theta)

In Fig. 23, vertical motion (fill) along with wind vectors
and potential temperature (in contours) are presented from
DO03. Along the lee slope of the Northern Coastal Moun-
tain Range, there is strong downward motion with a veloc-
ity of ~2 ms™', as shown in panel (a). In addition, note the
well-defined hydraulic jump on the lee slope of the North-
ern Coastal Mountain Range, as described in the previous
section. Immediately downstream of the lee slope of the
Northern Coastal Mountain Range, there is strong upward
motion with velocities of ~ 1.2 ms™'. This strong contrast of
downward and upward motion is due to the hydraulic jump.
Furthermore, note the bore making its way onshore. At the
leading edge of the bore, convergence takes place near the
surface which forces upward motion. This is indicative of the
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near 1 ms™! vertical wind velocity along the bore edge. With
time, as seen in panel (b), the bore rapidly intensifies and
provides vertical motion that penetrates past 850 hPa. How-
ever, as seen in panel (c), the bore’s strength is short lived
as the second hydraulic jump forms and quickly expands the
region of upward propagating wind further northeast towards
the Tubbs Fire location. Concerning the downslope winds
on the leeside of the Northern Coastal Mountain Range,
the strength of the downward motion has remained intact
through time with sustained winds of ~2 ms~!, along with
a long-lived hydraulic jump. Comparing panels (d) and (e)
reveal that the severe downslope winds continue to form with
time. Furthermore, the downward motion of the air extends
from 850 to 750 hPa, signaling a rapid intensification of
downward momentum transport which provides an enhanced
environment for the propagation of the upstream flow in the
direction of the coast. In panel (f) and (g) a discontinuously
stratified atmosphere begins to show as non-homogenous
air flow occurs from 950 to near 500 hPa. Rapid and drastic
changes of upward and downward motion take place over
very short distances horizontally which can be explained by
nonlinear mountain wave activity on the windward slopes
of the Northern Coastal Mountain Range. Finally, the well-
defined severe downslope winds near the Tubbs Fire loca-
tion accompany significant downward motion on the slopes
along with a rapid change to nearby upward motion which
displaces the air parcel from 975 hPa to at least 850 hPa
vertically. Due to this circulation within the lower to mid-
troposphere, the local environment changed rapidly resulting
in an atmosphere conducive to erratic wildfire behavior by
virtue of strengthening winds and drier air.

5 Discussion and conclusions

On the day that the Tubbs Fire (2017) began, there was a
well-developed trough aloft which advected air with a large
along-stream temperature gradient equatorward into North-
ern California, as shown in Fig. 6a. The mean RH through
the 700-500 hPa layer decreased below 70% towards the
West Coast of the U.S. As depicted in Fig. 6a, the 850 hPa
height contours on October 9th, 03 UTC, show a strengthen-
ing of the southwest—northeast gradient over the Midwest
U.S. Comparing this feature to Fig. 6b indicates that the
upper level trough contained cold air which was advected
equatorwards and westwards on its eastern side which lowers
the geopotential heights consistent with quasi-geostrophic
theory. Accompanying this lowering of heights and its atten-
dant differential cold air advection, cold frontogenesis forms
and extends towards the surface. The 6-h lapse rate change
in the 700-500 hPa layer becomes increasingly negative
over Nevada into Northern California indicating net cool-
ing below and warming aloft. This is shown in Fig. 9 and
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evident from the subsequent 00 UTC observed and simu-
lated soundings. The significance of the negative change in
lapse rates aloft over Nevada is that Nevada is upstream of
the wildfire location where static stability is increasing aloft
not too far above the major mountain ranges. As the DW
occurs, which has a northeast wind direction, much drier
air is transported from Nevada towards Northern California.
From Fig. 10, the synoptic (MSLP) analysis shows the fron-
tal boundary extending over most of the western and central
U.S. However, there will be very little, if any, precipitation
in the western U.S. due to the decreasing dew point tempera-
tures caused by the deep tropospheric horizontal advection
and sinking of dry air. However, there will be vertically dif-
ferential thermal advection dominating the western U.S. due
to the cold frontal system.

The WRF-ARW-simulated MSLP and 500 hPa geopoten-
tial heights, shown in Fig. 12, indicate that the simulation
proves to adequately replicate the observed upper level
and inverted surface troughs shown in the observed charts.
The progression of this frontal system, shown in panels (a)
through (g), indicates that the front will propagate eastward
away from California as time gets closer to the initiation
of the wildfire event. From Fig. 15, which shows the simu-
lated vertically differential temperature advection from
500-700 hPa, there will be an abundance of cold air advec-
tion from the northeast towards the California border with
Nevada located under the sinking of the jet exit region. This
is shown in panels (a) through (g). Over the western flank of
the upper level trough, enhanced negative vorticity advec-
tion in combination with this lower tropospheric Laplacian
of cold air advection signals downward quasi-geostrophic
vertical motion. From the analysis of the eastern side of
the upper level trough, the cold air advection is consistent
with the cold frontal passage at the surface, as seen again in
Fig. 10. The combination of Figs. 12 and 15 provides ample
evidence that WRF-ARW was able to adequately simulate
the observed synoptic and meso-a scale environment hours
before the Tubbs Fire began.

To determine the vertical profile of the atmosphere,
soundings were extracted from Reno, NV, which is upstream
of the wildfire location. This was done to determine the
upstream air motion, both at the surface and aloft, as shown
in Fig. 11. Considerable northeasterly winds extended into
California and Nevada. Comparing the observations to the
simulated results, shown in Fig. 13, WRF-ARW was able to
adequately simulate the vertical profile of the atmosphere
at Reno, N'V. Both simulated and observed soundings indi-
cate a well-defined area in the troposphere, between 700
and 500 hPa, where there is little moisture. This is seen
in all three panels by the large change in dew point tem-
peratures. Another significant feature in both figures is an
area aloft where there is a wind reversal. Due to this wind
reversal, there would be a layer where the wind velocity is
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approximately zero. Within this layer, a critical level forms
which indicates a favored location for mountain wave for-
mation and its attendant overturning surfaces of potential
temperature. This will cap the atmosphere and facilitate
wave energy to be reflected towards the surface. This vertical
region of wind reversal is again seen in both observed and
simulated figures. The physical interpretation of why this
level exists could be explained by the jet stream placement
aloft in conjunction with the cold frontal passage beneath.
The jet does play an important role in the upstream synop-
tic setup of the troposphere, as seen in Fig. 14. The evolution
of the jet shows an important positively tilted trough as the
jet propagates further east, shown in panels (a) through (g),
and a very persistent jet streak over Nevada. However, the
jet may be considered too far away from the wildfire location
to have direct impacts. To closely examine this, consider
Fig. 17. If the jet does have a direct impact, the upper level
wind velocity would begin to show, in isotach color coding,
the connection between the upper troposphere and the lower
troposphere. Instead, it is shown that the jet is lifting out of
Northeastern California and Northern Nevada. This is deter-
mined by the decrease in wind velocity with time. In the
last panel, (g), of Fig. 17, when the severe downslope wind
event is already taking place with considerable intensity, the
upper level jet has already decreased from 40 to~12 ms™!.
This does suggest small direct impacts from the jet itself.
In Fig. 18, where only the vertical wind component is plot-
ted in color, various areas of upward and downward motion
occur. But, when considering the Tubbs wildfire location,
indicated by the star, very strong upward motion is detected
aloft, rather than strong downward motion. This again indi-
cates that the strongest part of the jet is not conducive to
connectivity from upper levels to lower levels. From panel
(g), an upward propagating mountain wave is shown with
large amplitude. This upward propagating mountain wave
does make the connection from lower levels to upper levels
of the atmosphere, but the jet streak departed before this
amplification of the mountain wave occurred. This upward
propagating mountain wave does help explain the intense
vertical motion, but does not show that the severe downslope
windstorm was caused by direct jet intervention.
Therefore, the jet stream influence paradigm (Huang et al.
2009) would not apply directly to the Tubbs Fire (2017).
Since the jet streak placement is far away, on the order of
100 s of kilometers, the jet would not create a direct linkage
between its upper level exit region momentum reaching the
surface causing this specific severe downslope wind event.
This is not to say that the jet has no impact on the erratic
behavior of the Tubbs Fire. Mainly, the jet does set up the
synoptic environment for the frontal system to develop which
has a major impact on the discontinuously stratified atmos-
phere over the mountains. This discontinuity in the vertical
does enable the self-induced wave critical layer to form far

upstream which reflects the gravity wave energy to the sur-
face. This reflection of energy traps the air mass in the lower
troposphere, which forces the air mass to diverge outward
from the point of origin. In this case, causing the downslope
wind event over the Sierra Nevada Mountain Range. Sub-
sequently, this circulation does enable the compression and
warming of the air mass adiabatically. In proximity to this
circulation, the Tubbs Fire’s severe downslope wind event in
the Northern Coastal Mountain Range increases, indicating
the jet does have an indirect impact.

Regarding the results of the simulation of the mesoscale
processes and mechanisms from D03, the mesoscale envi-
ronment changes rapidly with time. Evidence suggests that
two important areas of wave dynamics are present during
the Tubbs Fire. First, the rapid setup and intensification of
the hydraulic jump on the leeside of the Northern Coastal
Mountain Range, seen in Figs. 21 and 23. With this setup,
the adiabatically compressed air from upstream flows rap-
idly down the lee slopes and is again rapidly displaced
aloft due to the strong hydraulic jump. The adiabatically
compressed air mass begins to mix vigorously within the
950-800 hPa region. With this turbulent air movement, a
well-mixed “dead” region develops and becomes larger with
time. In addition, the second hydraulic jump near the coast-
line provides another well-mixed “dead” region from 900 to
850 hPa. With this well-mixed region of near uniform den-
sity, the adiabatically compressed air parcels move under-
neath the “dead” region, which acts as a conduit for non-
homogenous air densities. Second, a family of bores near
the Pacific Ocean coastline propagates onshore towards the
incident area, seen in Fig. 22. With this bore propagation, it
inherently intensifies the severe downslope winds, whether
at the location of the second hydraulic jump or towards the
incident area of the Tubbs Fire. Therefore, initial analysis
suggests that the bore structure plays an intricate role in the
rapid intensification and development of the DW event by
extending the strong momentum surge downstream.

In conclusion, the Tubbs Fire of 2017 impacted a vast
portion of Sonoma and Napa Counties in Northern Cali-
fornia. The simulations and supporting observations during
the pre-DW period help explain the synoptic-meso-a scale
setup of the environment. With the strong amplifying trough
in the middle troposphere, accompanying the existing jet in
the upper troposphere, cold frontogenesis occurred over the
Sierra Nevada. By the same token, the jet streak’s indirect
exit-region secondary circulation caused descending motion
in conjunction with and above the existing cold air advec-
tion resulting from the mid-upper tropospheric jet entrance
region low-level return branch circulation. From this
southwestward-directed low-level jet under the mid-upper
tropospheric jet’s entrance region, along with the downward
momentum flux, these adjustments enabled the organiza-
tion of a deepening and ascending inversion over the Sierra
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Nevada as well as a self-induced wave critical level between
700 and 500 hPa prior to DW formation. As the organizing
jet streak departed, the resulting discontinuously stratified
atmosphere over the Sierra Nevada Mountain Range along
with the Northern Coastal Mountains allowed for a very
favorable environment conducive to wildfire formation.
Without the influence of the jet resulting in cold frontogen-
esis to the east of the Tubbs Fire location, the environment
would likely not have been primed for DW. Furthermore,
upward propagating mountain waves are present coincid-
ing with the steepening of the isentropic surfaces consistent
with the resonant interaction of nonlinear gravity waves.
Because of the environmental ingredients being in place,
as discussed above, the DW formed very quickly resulting
in high momentum and dry air conducive to the spread of
the Tubbs Fire on the night of October 8th, 2017. These
results help substantiate our hypothesis that indirect effects
of the polar jet streak, rather than direct effects, are critical
to establishing the environment conducive to the Tubbs Fire.
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