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ABSTRACT: This study investigates the connection between the arrival of dry stratospheric air and the Soberanes Fire
(2016). The Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT) and Goddard Earth Observing
System Forward Processing model (GEOS-FP) are used for back-trajectories and offshore deep stratospheric intrusion in
conjunction with the ignition and outbreak of the fire. The back-trajectory analysis indicates that most air reaching the ver-
tical column was critically dry, exhibiting relative humidity values below 10%. As the fire ignited, dry air arrived from due
west at heights of 1–3 km about 24 h prior. During the overnight fire growth, dry air arrived from the northwest to north-
northwest at heights of 3.5–5.5 km 48–72 h prior. The synoptic and GEOS-FP analyses demonstrate offshore mid-to-low
stratospheric intrusion. On 21 July 2016, an enclosed upper-level low approached the California–Oregon border along the
northwesterly subtropical jet stream hours before the fire outbreak. The GEOS-FP results of potential vorticity, specific
humidity, and ozone along the back-trajectories to the west and northwest of the fire suggest a stratospheric intrusion event
into the mid-to-low troposphere at the back-trajectory start points, and vertical velocity indicates sinking motion. The spe-
cific humidity analyzed at the arrival time shows the transport of the abnormally dry air to the Soberanes Fire. Results sug-
gest a connection between dry stratospheric air transported to the Soberanes Fire at ignition and overnight accelerated
growth, supported by a dark bank in satellite water vapor imagery. The prediction of low-level transport of dry strato-
spheric air to the coastal communities could help to predict the occurrence of wildfire outbreaks, or periods of accelerated
fire growth.
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1. Introduction

A well-known four critical weather elements common to
wildfire exhibiting extreme behavior include unusually low
relative humidity (RH), strong surface winds, unstable air,
and drought conditions (Werth et al. 2011). Of these four ele-
ments, low RH values must be present with either strong sur-
face winds or unstable air. Drought and related vegetation
dryness are essential requirements for wildfire ignition and
development. Wildfire frequency and strength have increased
in California in recent droughts years (Spracklen et al. 2009;
Boegelsack et al. 2018; Williams et al. 2019). A 30-yr study of
wildfires in the northwestern United States found that 80% of
very large wildfires occurred in August (44.3%) and July
(37.0%), including extremely large wildfires that occurred in 6
of the 20 states including California (Zhong et al. 2020).

Nevertheless, an often-overlooked important factor is dry
air transported from the upper atmosphere. Zimet et al.
(2007) showed that a well-developed dry air intrusion ex-
tended to nearly the 750-hPa level far downstream from an
upper-frontal zone supplying the fire environment with dry air
that originated in the upper-troposphere/lower stratosphere.
Mills (2008) summarized an abrupt surface drying (i.e.,

lowering of the surface humidity) and its relationship with
midtropospheric dry air, and the synoptic dynamics that al-
lowed the ignition of wildfires in South Australia. While we of-
ten look at stratospheric intrusions regarding air pollution and
ozone transport, another important aspect of the events is the
link between a deep offshore stratospheric intrusion and wild-
fires. Schoeffler (2009) summarized that dry intrusions (i.e.,
dry slots) manifest themselves as clearly visible dark bands in
the satellite water vapor imagery. These dry slots usually result
in abrupt surface drying and strong, gusty winds often radically
influencing wildland fire behavior and hence fire growth. A
similar fire weather condition with the passage of negatively
tilted upper-tropospheric troughs, which lead to a descent into
the atmospheric boundary layer of dry, high-momentum air
also occurred in Tasmania, Australia (Fox-Hughes 2015). Fur-
thermore, Langford et al. (2015) suggest that the northerly
winds and the extremely dry air descending to the surface on
the western flank of the trough associated with a deep strato-
spheric intrusion (SI) brought conditions for the explosive
May 2013 Springs Fire in Camilla, California. The important
analysis of the 2017 northern California wildfires by Mass and
Ovens (2019) synoptic evaluation presents a case that one
could interpret as that of a powerful SI event.

Cho et al. (2001) showed that with the presence of a dry,
ozone-rich SI with high static stability, a convective pollution
plume rising from the ground could be capped and flattened.
Using satellite measurements Georgiev et al. (2022) con-
cluded that the depth of dry stratospheric intrusions, the asso-
ciated synoptic evolution, and the enhanced low-level O3
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concentrations were caused by vertical transport of strato-
spheric air and/or related to biomass burning emissions. Ap-
parently, observations of plume dispersion can second the
event of daytime near-surface intrusions.

Prior studies have used potential vorticity (PV) and layered
structures in ozone profiles to identify stratospheric air masses
(e.g., Danielsen et al. 1987; Oltmans et al. 2010; Roelofs et al.
2003; Škerlak et al. 2014; Clark and Chiao 2019). A value of
1 potential vorticity unit (PVU; 1 PVU 5 1026 K kg21 m2 s21)
is best suited to investigate the deep descent of dry stratospheric
air transporting O3 into the troposphere, with the possibility of
even lower values showing the elongated tongues of the intru-
sions into lower levels (Cox et al. 1997; Trickl et al. 2014). Dry
air within the region of high PV would indicate the presence of
air that exhibits stratospheric conditions, carrying abundant O3

concentrations.
On the other hand, it is also well known that in the tropics,

convection or rising motion is present ahead of the SI event in
the direction of travel, with strong sinking motion and dry air
behind the PV-intrusion (Funatsu and Waugh 2008). The con-
cept could help identify SIs in the midlatitudes, but potentially
harder to identify forward motion due to the larger amplitude
waves along the polar jet stream and even the subtropical jet
stream.

This study aims to investigate the connection between the
coastal Soberanes Fire (2016) outbreak and the arrival of
near-surface dry stratospheric air with an offshore deep SI
event. The Soberanes Fire of Monterey County, California,
ignited on 22 July 2016, in the morning hours around 0848

Pacific daylight time (PDT) (1548 UTC) from an illegal campfire.
It remained active for nearly 3 months, burning 132127 acres
(1 acre ’ 0.4 ha) at the central Coastal Range and into the Los
Padres National Forest (Potter 2016). A state of emergency in
Monterey County was declared on 26 July as the fire rapidly
grew by 5000 acres and entered federal parks. The fire grew by
similar acreage overnight from 3 August into 4 August. As de-
fined in Potter (2016), during the first stage of the Soberanes
Fire, it grew to ;45% of its total acreage in just 17 days by
7 August. The period is denoted in Potter (2016) as extremely
dry with large fire spread and will be the period of focus for this
study. The Soberanes Fire burned for 10 weeks and was finally
100% contained on 11 October 2016.

This research is categorized into several objectives that aim
to analyze that a deep offshore SI brought extreme fire
weather conditions to the coastal mountains where the Sober-
anes Fire ignited, indicating a connection between the events.
The first objective is to demonstrate that a deep offshore SI
occurred on 21 July 2016. The second objective is to show the
transport of air from the region of stratospheric injection to
the coastal California Soberanes Fire outbreak that occurred
on the morning of 22 July 2016. The third objective is to eval-
uate the period from 21 July to 7 August for temporal and
spatial anomalies that would indicate the strength/presence of
a deep SI and the presence of extreme fire weather condi-
tions. The last objective is to present the case that the connec-
tion between summer SI events and fire weather needs
deeper investigation. A successful analysis would prove to be
a helpful forecasting tool for the community and will

FIG. 1. NOAA HYSPLIT model back-trajectories ending at 1400 UTC 22 Jul 2016, using HRRR meteorological
data, displaying potential temperature, meters AGL, and RH along the trajectory.
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contribute to our knowledge of the connection between SI
events and fire outbreaks/growth.

Data and analysis methods are in section 2. The results of
Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) analysis, along with analysis of synoptic and me-
soscale patterns associated with the 2016 Soberanes Fire char-
acteristics, including measured observations, are discussed in
section 3. In section 4, the conclusions of this study are
provided.

2. Data and analysis methods

a. HYSPLIT model

The 3-km High-Resolution Rapid Refresh (HRRR) model
output is employed for the NOAA/Air Resources Laboratory
(ARL) HYSPLIT (Stein et al. 2015) back-trajectories to eval-
uate the upper air entering the coastal California Soberanes
Fire region. The HRRR is a NOAA real-time 3-km-resolution,
hourly updated, cloud-resolving, convection-allowing at-
mospheric model, initialized by 3-km grids with 3-km radar
assimilation. Radar data are assimilated in the HRRR every
15 min over a 1-h period, adding further detail to that provided
by the hourly data assimilation from the 13-km radar-enhanced
Rapid Refresh. More information on the HRRR can be ob-
tained from NOAA/ESRL.

The back-trajectory end location is set to the ignition lati-
tude and longitude for the fire (36.459 948N, 121.899388W).
The back-trajectory model runs were set to a duration period
of 72 h for six elevations aloft between 0 and 1250 m AGL in
increments of 250 m. This was performed hourly for a 24-h pe-
riod starting at 0000 UTC 22 July 2016. For each hour and
level, the back-trajectories were evaluated for the starting lo-
cation and time, the arrival or endpoint RH, and, if relatively
constant, the potential temperature u and the directionality of
the air entering the region of the Soberanes Fire. Only relatively
constant potential temperature was considered for the back-
trajectory frequency starting location because the air would re-
main stratospheric in nature. From this back-trajectory analysis,
two important time stamps were identified for the rest of the
analysis method; first, the back-trajectory arrival time and So-
beranes Fire outbreak that occurred at 1500 UTC 22 July, and
second, the back-trajectory start time at 1200 UTC 21 July.

b. GEOS-FP model

Multiple Goddard Earth Observing System Forward Proc-
essing (GEOS-FP) data variables are evaluated to define the
occurrence of a SI event. The version of 5.13.1 GEOS-FP
with horizontal resolution 0.258 latitude 3 0.31258 longitude
resolution was used. More detailed information about the
GEOS model system is available at the NASA Global

FIG. 2. Hourly back-trajectory direction from the Soberanes Fire ignition point for each starting height on 22 Jul 2016 (PDT; UTC2 7 h)
for (a) trajectory start height and (b) arrival relative humidity.
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Modeling and Assimilation Office (GMAO). With this ap-
proach, a deep offshore SI can be identified using the region
and time of interest from the back-trajectory frequency analysis.
The 250-hPa geopotential heights and winds for the eastern
Pacific/western North American region are evaluated to under-
stand the synoptic conditions in association with jet stream
placement around the high and low pressure centers. To further
evaluate mesoscale properties for the California region and to
identify areas of strong sinking motion into the lower tropo-
sphere, vertical motion omega and wind speed and direction at
700 hPa are evaluated at the back-trajectory start and arrival
times that also correspond to the back-trajectory starting height.

To better gauge the scope of the deep offshore intrusion and
the continued transport into the lowest kilometer above ground
at the western coastal mountains, multiple-vertical-cross-section
analysis is performed. The west–east cross section is along the
back-trajectory path from start to end; the northwest–southeast
cross section and the southwest–northeast cross section are first
centered at the back-trajectory frequency starting location, and

second for the arrival location, also known as the Soberanes Fire
ignition point. The cross-section analysis evaluates modeled PV
values ranging between 0.8 and 5.0 PVU, specific humidity (SH)
values between 0.015 and 5.0 g kg21, and ozone (O3) values to
identify the initial wave break of the tropopause, the extended
tongue through the troposphere, and dispersion of stratospheric
air into the lower troposphere. The O3 and SH also are used as a
tracer of the continued transport of the dry stratospheric air to
the lowest 1.25 km above the Soberanes Fire. Vertical velocity
(omega) points to the important regions of sinking motion associ-
ated with the initial deep offshore SI, the continued descent of
the dry stratospheric air mass to the coastal Soberanes Fire out-
break site, and to identify low-level mixing or instability near the
wildfire. When observing PV structure in association with O3 in
the lower troposphere and near the surface, the SH values and
the omega are essential to distinguish the placement of higher PV
values caused by diabatic heating below 3 km.

An evaluation of period averages and anomalies is conducted to
strengthen the argument of the continued stratospheric transport

FIG. 3. GEOS-FP results of (left) 250-hPa geopotential height (contours) and wind speed (shading) and (right) 700-hPa
geopotential height (contours), vertical velocity (omega; color shading), and wind speed and direction (barbs and lines),
valid at (top) 1200 UTC 21 and (bottom) 1500 UTC 22 Jul 2016. Blue, green, and purple lines represent cross sections; the
pink star represents the Soberanes Fire ignition point.
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and the presence of extreme fire weather conditions. The pe-
riod averages are calculated from 0000 UTC 21 July through
stage 1 of the Soberanes Fire, which was described in Potter
(2016) (i.e., 0000 UTC 21 July–2100 UTC 7 August), and
the anomalies evaluated are for the back-trajectory start
on 1200 UTC 21 July and the Soberanes Fire outbreak of
1500 UTC 22 July. These cover the geopotential heights and
wind speed for the eastern Pacific/western North American
region and are performed at 250, 500, and 700 hPa. The sea
level pressure is also evaluated. The average planetary boundary
layer (PBL) heights and the average surface SH values at
1430 UTC are calculated across the period over a local fire
region, and anomalies for the Soberanes Fire outbreak at
1430 UTC 22 July are evaluated.

3. Results and discussion

a. HYSPLIT back-trajectory analysis

Over the 24-h observation period, each of the HYSPLT
model runs for 750–1250 m AGL demonstrated dry air enter-
ing from the west, descending from 2 to 3 km down a rela-
tively constant isentrope. Results suggested no significant
changes to the stratospheric air mass. Leading up to and at
the time of the Soberanes Fire outbreak, the air entering the
region was very dry, especially at 500–1250 m AGL, where
RH values reached critical levels as low as 6%. The surface
arrival RH decreases with time to a minimum of 40% just be-
fore the Soberanes Fire outbreak at 1300–1400 UTC; shown

in Fig. 1 for 1400 UTC 22 July 2016, about 1 h prior to
ignition.

The wind-rose analyses, as shown in Fig. 2, summarized the
24-h back-trajectory results for starting direction, start height,
and ending RH percentages for each of the six end heights.
As trajectory end height increases, the winds veer with the
height from the north-northwest to the west-southwest and
humidity drops from 60% to below 10% within 1250 m. The
driest air entered from the west at an elevation between 750
and 1250 m. At 500 m AGL, RH values were no greater than
30%, and at 250 m AGL, RH values ranged between as low
as 10% and up to 50%. Of most importance, air that reached
the lowest 1.25 km above the Soberanes Fire with less than
30% RH entered from the west near 1288W and between
368 and 388N with a starting elevation between 2 and 3.5 km;
now defined as the start point. It appears that these trajec-
tory paths also followed a relatively constant isentrope to
the arrival height elevated above the Soberanes Fire igni-
tion point. It can be concluded that much of the air enter-
ing the Soberanes Fire region exhibited qualities of stratospheric
air: very dry air descending quickly (;500 m every 3 h)
from greater heights down a constant isentrope within a
short time.

b. Synoptic/mesoscale analysis

The 250-hPa geopotential heights and winds 27 h prior to
the Soberanes Fire outbreak indicate an area of high pressure
in the western Gulf of Alaska and a deep, broad trough over

FIG. 4. Northwest–southeast cross sections (blue line in Fig. 3), showing GEOS-FP potential vorticity, specific humidity, ozone, and
vertical velocity omega at (a) 1200 UTC 21 and (b) 1500 UTC 22 Jul 2016. The grayscale wind speed mimics that of Fig. 3.
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the eastern North Pacific Ocean, along with another broad
ridge of high pressure over the desert southwest (Fig. 3, top
left). Extending westward from the broad upper-level trough
is a large upper-level enclosed low pressure system. The

upper-level enclosed low cuts off from the jet stream and pro-
gresses westerly out of the domain with time, thus creating
multiple embedded shortwave troughs that progress upstream
(Fig. 3, top left). At the back-trajectory start time, two centers

FIG. 5. As in Fig. 4, but for the west–east cross section (magenta line in Fig. 3).

FIG. 6. As in Fig. 4, but for the southwest–northeast cross section (green line in Fig. 3).
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of enclosed lows are present along the broad and deep trough
dominant in the Gulf of Alaska.

Over the next 27 h (1500 UTC 22 July), the upper-level low
centers pull apart (Fig. 3, bottom left). Notice that at the time
of back-trajectory arrival the eastern center of low pressure
lifts and progresses along the jet stream, reaching the Pacific
Northwest (PNW) and British Columbia, Canada (BC), coast-
line. The western low extends southwesterly and develops,
deepening and continuing the pattern of a diverging jet stream
over the ocean, and the polar jet along the Alaskan coastline
strengthens with time as higher pressure builds easterly into the
Gulf of Alaska. Note the presence of the zonal flow of the polar
jet across North America and the zonal flow of the subtropical
jet across the U.S.–Canada border atop a broad ridge of high
pressure over southern North America (Fig. 3, left column).

Over the eastern North Pacific, the broad, deep trough di-
verges from the polar jet south to converge with the sub-
tropical jet as the upper-level enclosed low progresses to the
shoreline. The broad subtropical jet extended from Canada
to the central coast of California, where the Soberanes Fire
ignited.

The 700-hPa California mesoscale domain shows at back-
trajectory start time, the rising motion is dominant over most
of California and the northwest coast. At this low-troposphere
level, a dominant weak sinking motion is present offshore of
the Soberanes Fire site at the start point. Figure 3 (right col-
umn), which suggests a disorganized low-level frontal system
offshore approaching the coastline. There is a dominant south-
erly flow along the coastline and over the land. Offshore from
the Soberanes Fire, a dominant southwesterly to westerly flow

FIG. 7. GEOS-FP 250-hPa geopotential height: (a) average for period 0000 UTC 21 Jul–2100 UTC 7 Aug 2016
(gray shades represent the jet stream), (b) average for back-trajectory start at 1200 UTC 21 Jul 2016, and (c) average
for Soberanes Fire outbreak at 1500 UTC 22 Jul 2016.
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can be seen in the southern domain. The Soberanes Fire is
marked with a pink star (Fig. 3, right column).

Over the next 27 h, the winds aloft the Soberanes Fire decrease
in speed and shift from south-southwesterly to westerly (Fig. 3,
bottom right). The wind shift represents a frontal passing and the
building of high pressure in the southern part of the domain. At
the back-trajectory arrival, the sinking motion has moved in
across most of the domain and strengthened in the central coastal
California region, including the Soberanes Fire ignition point.
The cross section along the HYSPLIT back-trajectory path will
evaluate the approaching and lifting of the southern end of an SI
event across a northeasterly moving jet stream as the dry air en-
tering the lower 500–1250 mAGL enters from the west.

c. Multiple-cross-sectional analysis

All of the cross sections presented in this study evaluated a
large cross section along the midlatitudes to fully gauge the
scale of the deep offshore SI event and the placement of the

jet maximums important to the occurrence of a tropopause
fold. Figure 3 shows the position of the upper-level trough
with the digging enclosed low pressure system places a con-
vergent zone slightly northwest of the cross section intersect
at 1200 UTC 21 July. By 1500 UTC 22 July, the area of upper-
level convergence has progressed eastward but remains to
have a positive tilted axis. Figures 4–6 present the data for the
time and location of the lines in Fig. 3. Corresponding to
the start time of the model back-trajectories, the left panels of
the three cross sections intersect at the starting point. The
right panels of Figs. 4–6 intersect at the Soberanes Fire igni-
tion point during the minutes following the outbreak.

For each of the three cross sections at the back-trajectory
start time of 1200 UTC 21 July, the subtropical jet stream is
aloft at the start point of 1288W and 368–388N (Figs. 4a, 5a, and
6a). By the time of the Soberanes Fire outbreak at 1500 UTC
22 July, the subtropical jet stream has shifted to the east and
northward (Fig. 3). The green cross sections outlined in Fig. 3

FIG. 8. As in Fig. 7, but for 500-hPa geopotential height.

J OURNAL OF AP P L I ED METEOROLOGY AND CL IMATOLOGY VOLUME 63216

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/27/24 03:22 PM UTC



and presented in Fig. 6 continue to illustrate a slice through the
upper-level convergence zone, with upper-level convergence
partnering with sinking air and low-level diffluence, allowing for
the transport of stratospheric air into the troposphere. This
result was consistent with a classic representation of the dry
intrusions flow studied by Danielsen et al. (1987) and Browning
(1997) that shows that the back-trajectories that are above the sur-
face high pressure behind the upper-level directional flow extend
to lower heights of the troposphere. The southwest–northeast
cross sections in Fig. 6 therefore allow us to evaluate the pro-
gression of the convergence zone as this feature stays centered
as the evaluated cross section shifts eastward and takes a stron-
ger northeasterly direction as the embedded upper-level lows
shown in Fig. 3 diverge. The northwest–southeast blue cross
sections outlined in Fig. 3 and presented in Fig. 4 show us the
strengthening of jet to the northwest of the deep trough and a
weakening of the jet to the southeast as the embedded en-
closed upper-level lows diverge.

The multiple cross-section analysis depicts the presence of
a deep offshore SI event around 1208W and between 368 and
388N, the start point. Along both the northwest–southeast and
southwest–northeast cross sections, there is near total column
positive omega, indicating sinking motion (Figs. 4a and 6a).
This is set between the jet maxima of the upper-level enclosed
low. The GEOS-FP modeled PV, SH, and O3 each demon-
strate tropopause folds, injecting higher PVU, rich dry-O3

stratospheric air southward into the lower 2–4 km of the atmo-
sphere. The west–east cross section shows that this low-level
air mass is associated with low-level sinking motion (Fig. 5a).

Figure 5b clearly shows the westward push of the sinking
motion. Moving onshore and to the time of the Soberanes
Fire outbreak, the multiple cross-sectional analysis indicates the
transport of the dry stratospheric air to the coastal Soberanes
Fire site and to the lowest 2 km of the troposphere (Figs. 4b, 5b,
and 6b). The cross-section evaluation suggests that the critically
dry air that was transported to the Soberanes Fire ignition site

FIG. 9. As in Fig. 7, but for 700-hPa geopotential height.
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on the morning of the outbreak was from a deep offshore SI
event that enhanced the fire weather conditions along the cen-
tral California coastline.

d. Soberanes Fire stage-1 analysis: Period averages
and anomalies

As discussed in section 2, stage 1 of Soberanes Fire repre-
sents the period from 0000 UTC 21 July through 2100 UTC
7 August. Around the tropopause, as shown in Fig. 7a, the av-
erage 250-hPa geopotential heights showed diverging winds
over the Pacific Ocean with an enclosed upper-level low west
of California, north of the Hawaiian Islands, and south of
Alaska. Winds converged at the western U.S. coastline with a
weak low pressure trough at the BC–PNW coast and a broad
ridge of high pressure aloft in the desert southwest, with the
highest pressure across Baja California, Arizona, and New
Mexico. Also, the average indicates a zonal jet maximum that
extended across the PNW. It appears that the convergent

upper-level winds averaged during the first stage of the Sober-
anes Fire by 7 August 2016 are a sign for prevailing subsi-
dence in the upper troposphere during this period over the
region.

The 250-hPa geopotential height anomalies indicate a
broadening of the higher pressure ridge aloft in the desert
Southwest westward toward the southwest coastline of the
North American continents as blue replaces red (Figs. 7b,c).
The anomalies also show the development of the two embedded
low pressure systems pulling apart with time and causing the
lower pressure trough to have a positive tilt and strengthen. In
the southern region of the domain, a few weak upper-level low
centers progress westward along the tropics.

The average 500-hPa geopotential heights also indicate a
low pressure trough in the open Pacific Ocean near the islands
of Hawaii; showing a closed subtropical high aloft located
over the desert Southwest and the belt of westerlies to the
north (Fig. 8a). The average 500-hPa geopotential heights

FIG. 10. As in Fig. 7, but for sea level pressure.
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pattern produces summertime heatwaves in California and is
indicative of the subtropical-high-aloft pattern, which brings
critical fire weather to the western U.S. states and is of greater
importance to California (Schroeder 1969). Note, from the

average, a shortwave trough at the coastline. This bears an
even stronger presence at 700 hPa (Fig. 9a).

At 500 hPa, the geopotential height anomalies again indi-
cate the separation of two enclosed centers of low pressure,

FIG. 11. GEOS-FP PBL heights for (a) the period average at 1430 UTC (the pink star marks
the coastal ignition point) and (b) the period average minus the fire-outbreak date (the black
star marks the coastal ignition point).

FIG. 12. As in Fig. 11, but for surface specific humidity.
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one that progresses westward over Washington State and one
that digs to the southeast (Figs. 8b,c). The building of higher
pressure is recognizable aloft over western North America
and offshore of California. The development of the low pres-
sure centers along the tropics is even clearer.

A noticeable feature in Fig. 9a is that the average 700-hPa
geopotential heights indicate a trough along the coastline dip-
ping down into southern California , signs of frontal passings.
An important observation of Fox-Hughes (2015) while study-
ing “spike” days with elevated chances of extreme fire behav-
ior in Tasmania was the presence of a cold front. The fronts
were embedded in a broad trough and were either approach-
ing or recently crossed the state. In the current study the
greatest 700-hPa heights are over a broad region west of Cali-
fornia with the low-level jet in the Gulf of Alaska set atop the
area of higher pressure. Equatorward, wiggles in the 315-dam
(dekameter) contour are a clear sign of tropical depressions.

The depth of the upper-level low pressure system is recogniz-
able in the 700-hPa height anomalies (Figs. 9b,c). Again, the
building of higher pressure centered over Baja California is
clear along with the development of tropical cyclones during
that time. During the evaluation period, six eastern Pacific trop-
ical depressions were present. Notice the waves in the isobars

from 1011 to 1015 hPa along the coast of Mexico and along the
tropics to Hawaii shown in the average sea level pressure (SLP;
Fig. 10a). These isobars also bend to be north–south along the
California coastline. During this period, the average SLP shows
a dominant area of high pressure triangulated between the
Aleutian and Hawaiians Islands and the PNW, indicating the
ever-so-common presence of the Pacific high (Fig. 10a).

The SLP anomalies indicated high pressure building along
the North America coastline (Figs. 10b and 9c). Two more
eastern Pacific tropical depressions formed off the Mexican
coast by 1500 UTC 22 July, and the initial two have moved
westward toward the Hawaiian Islands (Fig. 10c).

All levels evaluated indicate a westward shift of offshore
lower pressure (i.e., reds in Figs. 10b,c). The upper levels of
the atmosphere show the presence of an upper-level short-
wave trough that digs and strengthens into a cutoff low and
retrogrades while another enclosed upper-level low weakens
and progresses upstream. In the lower levels of the atmo-
sphere, multiple low-level tropical cyclones continue on their
westward track and two more develop off the shores of Baja
California. The overall picture indicates the building of higher
pressure (blues in Figs. 10b,c) over the continental west as the
Soberanes Fire outbreak occurs and, therefore, a strengthening

FIG. 13. Bodega Bay (a) O3, relative humidity, and temperature and (b) wind vertical profiles from 19 to 22 Jul 2016 (CABOTS-SJSU 2016).
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of the subtropical high aloft. It is a key component to critical
fire weather across California. The building of the high pres-
sure with time may play a role to assist in the continued
descent of the stratospheric air injection from the 700-hPa
level to the lowest 1.25 km above the Soberanes Fire during
ignition.

e. Local PBL heights and surface specific humidity

The period average of 1430 UTC indicates relatively low
PBL heights in the region over land and the steepest gradient
offshore (Fig. 11a). Average morning PBL heights at the So-
beranes Fire is between 150 and 200 m high. On the morning
of the Soberanes Fire outbreak, PBL heights were higher
than the period average across much of the local region
(Fig. 11b). At the Soberanes Fire, the model data indicate
PBL heights were 75–100 m higher than the average. Further-
more, the back-trajectory analysis suggested that the very dry
air descended to about 250 m AGL, which would enhance the
dry condition near the surface in the area of the fire outbreak.

The period average 1430 UTC surface SH values indicate
that the driest areas were located in the California valleys, in-
creasing in humidity outward from these zones and offshore

(Fig. 12a). At the fire site (pink star), this value was around
8 g kg21. On the morning of the fire outbreak, the moister air
was in the northern portion of the domain and heavily along
the northern coastal mountains (Fig. 12b). The southern half
of the domain and offshore exhibited conditions above the
period average and were, therefore, drier at the time of the
Soberanes Fire outbreak. At the Soberanes Fire site, the air
was about 0.5 g kg21 drier than the period average (Fig. 12b,
black star).

f. Observational findings during CABOTS 2016

The California Baseline Ozone Transport Study (CABOTS)
was conducted from May to August 2016 (Faloona et al. 2020)
during which a near-daily ozonesonde was launched from Bo-
dega Bay (BBY), California. Surface observations at the time
of launch, a descriptive forecast for upcoming days, model
and satellite observations, and a vertical profile and path of
the ozonesonde were summarized daily. A review of the
BBY vertical profiles from 19 to 22 July presented the
changes in wind direction, wind speed, O3 concentrations,
and RH values beginning during the offshore SI event
through to the afternoon after the Soberanes Fire outbreak

FIG. 13. (Continued).
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(Fig. 13). First we review the vertical wind profiles in
Fig. 13b: on 19 July winds from 3 km up are southwesterly
following the flow of the upper-level trough. By 20 July this
is true to 2.5 km, and, by 21 July in the afternoon before
the fire, southwesterly winds aloft are measured as low as
1.5 km above the surface. By the afternoon of 22 July,
the winds aloft shift to west-southwesterly from 3 km up
(Fig. 13b). One indication of the deepening influence of the
upper levels to the lower levels of the troposphere was the
depths to which the winds aloft reach. Correspondingly,
the NWS surface observations show the placement of an
upper-level trough above the Soberanes Fire locale that was
present from 0900 until 2100 UTC 22 July (not shown).

Along with the wind direction, the drying of the vertical
column occurs (Fig. 13a). On 19 July, from the surface to
7 km, there were layers of drier air with 20% RH or less that
correspond to elevated layers of O3. On 20 July between 2.5
and 5.5 km, there was a definitive thick layer of very dry air
with ;5% RH and elevated O3 values ranging from 70 to
100 ppb, the greatest values observed in the tropospheric col-
umn. Also, there was a thin layer present near 1 km with O3

peaking at 60 ppb and RH , 10%. By 2030 UTC 20 July, the
GEOS-West water vapor imagery clearly depicts a “dry slot”:
a dark band over the eastern Pacific Ocean and swooping
northeasterly across the California coast that remains present
at 1930 UTC 21 July (Fig. 14). The presence of dry bands typi-
cally results in abrupt surface drying and gusty winds (e.g.,
Schoeffler 2009). From Fig. 13a, the 21 July vertical profiles
showed the driest air of;5% RH was at 2–3 km and was associ-
ated with O3 values of ;80 ppm. By 22 July, above the marine
BL around 0.5 km, the vertical column was well below 20% RH
except near 1 km and O3 was near 65 ppb from 1.5 to 6.5 km.

In addition, a review of the Chews Ridge, California, sur-
face observations indicates the arrival of dry, warm, gusty air
to the local fire region (e.g., Potter 2016). The Chews Ridge
surface station is elevated near 1.5 km above mean sea level
(MSL) and is located to the southeast of the Soberanes
Fire and the BBY ozonesonde launch site. Of the available
CABOTS data, this set is in close proximity to the Soberanes
Fire and was therefore chosen; the fire eventually reaches and
burns through Chews Ridge, California. The surface observa-
tions from 1100 PST (1800 UTC) 19 July through 2300 PST
22 July showed an overall warming and drying trend with
time and an increase in wind speed corresponding to a west-
erly turn in the winds (Fig. 15). At the beginning of the
period, RH values approached 50%, and they decreased to
;5% on 2000 PST 22 July. Critical values below 20% were
continuously observed starting at 0800 PST (1500 UTC)
21 July and through 1500 PST (2200 UTC) 22 July, coinciding
with the strongest wind speeds of the period and the dominant
westerly–west-southwesterly directions. Two hours prior to the
Soberanes Fire outbreak, wind speed hit the period maximum
of 14 mi h21 (6.3 m s21): 4 times that of the period average wind
speed. Linking up with the time of the Soberanes Fire outbreak,
at 0800 PST (1500 UTC) 22 July, RH dropped down to only
7%. The winds remained westerly since the previous day.

Together, these meteorological observations at BBY and
Chews Ridge and the GOES-West satellite water vapor

imagery support the presence of the identified SI event lead-
ing up to the Soberanes Fire outbreak.

4. Conclusions and remarks

This study investigated the synoptic setup and mesoscale
transport of a deep SI event that brought extreme fire
weather conditions to the coastal mountains where the Sober-
anes Fire ignited, indicating a connection between the events.
From this analysis, we can conclude a connection between
an offshore SI event and the Soberanes Fire outbreak. At
1200 UTC 21 July 2016, the GEOS-FP model results of
250-hPa geopotential height and multiple-cross-sectional anal-
ysis of PV, SH, O3, and omega demonstrate the presence of
an offshore deep dry stratospheric air intrusion. The NOAA
HYSPLIT model back-trajectory analysis shows the driest air
descended to the lowest 1.25 km aloft the Soberanes Fire
from near 368–388N, 1288W and starting above 2.5 km, the lo-
cation and timing of the identified offshore deep SI event. At
1500 UTC 22 July, the multiple-cross-sectional analysis sug-
gests the northwesterly progression of the SI event and the
westerly low-level descent and transport of the dry strato-
spheric air down constant isentropes along the back-trajectory
path to the Soberanes Fire.

The period average analysis strengthened the connection
between the SI occurrence and the arrival of dangerous fire
conditions. The synoptic analysis allowed us to understand
the atmospheric setup for the Rossby wave break, which adds
to the complexity of the stratospheric dry air transport down
into the troposphere, including a remote influence over the lo-
cation of the Soberanes Fire development as well as the west-
ward push of sinking motion while the main push of sinking
motion is coming from the north, related directly to the
upper-level PV anomaly. Furthermore, the mesoscale analysis
indicates the continued transport inland to the coastal Soberanes
Fire. A building of high pressure at the surface and at 700 hPa
contributed to the continued descent and drying of the low-level
stratospheric air reaching the lowest 1.25 km aloft of the
Soberanes Fire. The local region analysis of the morning (i.e.,
1430 UTC) averages show that just before the Soberanes Fire
outbreak on 22 July the PBL heights were above the period
average and the surface SH values were drier. Together with the
HYSPLIT back-trajectory analysis, it can be inferred that some
of the transported dry stratospheric air likely entered into
the surrounding elevated PBL heights in the local Soberanes
Fire area.

From this study, it can be concluded that offshore deep SI
events can aid in transporting extremely dry air to the western
California coastline, therefore aiding conditions of extreme
fire weather. Although not shown, a back-trajectory and
cross-sectional analysis suggest similar conditions leading up
to the Los Angeles County Sand Fire, which ignited a few
hours after the Soberanes Fire at 2000 UTC 22 July 2016.
Also, this method for a period of accelerated Soberanes Fire
growth overnight of 3–4 August 2016 indicates a low-level dis-
persion of stratospheric air likely transported to the region
after a quick progression of an upper-level enclosed low as it
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approached and crossed the BC–PNW coastline and the asso-
ciated tropopause Rossby wave breaks.

During the time of the Soberanes Fire, the Pacific–North
American teleconnection pattern (PNA) is at its weakest and
is dominated by cyclones, the hurricane season associated
with tropical upper-tropospheric trough (TUTT) has begun,
and the North American monsoon is in action, with all of
these processes potentially aiding in the westward transport

of a deep offshore stratospheric dry air intrusion to the west-
ern United States. The prediction of low-level transport of
dry stratospheric air to the coastal communities could help to
predict the occurrence of wildfire outbreaks or of periods of
accelerated fire growth. This would be a useful tool for fire
districts and air quality districts. All of this leads to a need to
study further the influence of dry stratospheric air transport
on western coastal fires during the wildfire season of July and

FIG. 14. GOES-West water vapor imagery from (a) 2030 UTC 20 and (b) 1930 UTC 21 Jul 2016.
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FIG. 15. Time evolution (horizontal axis; UTC) of surface observations (ozone, temperature,
RH, wind speed, and direction) at Chews Ridge during CABOTS 2016.
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August. This method could potentially serve other Mediterra-
nean climate regions globally that are also SI event hotspots.
As our climate continues to evolve with global warming, it is
imperative to investigate further the evolution of strato-
spheric air transport across multiple scales and all impacts of
its transport, including pollution and dangers from O3 and
wildfire.
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