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ABSTRACT
Sundowners are downslope windstorms that occur over the southern slopes of the east–west-trending Santa
Ynez range in Santa Barbara County, California. In the past, many extreme fires in the area, including the
Painted Cave, Montecito Tea, Jesusita, and Sherpa fires, have occurred during sundowner events. A highresolution 11-yr dynamically downscaled climatology was produced using a numerical weather prediction
model in order to elucidate the general dynamical characteristics of sundowners. The downscaled climatology
is validated with observations during the 2016 Sherpa fire. A sundowner index (SI) is computed from the
climatology that quantifies the magnitude of adiabatic warming and northerly (downslope) wind component
during sundowner events. The SI allows for the classification of historical events into categories of various
strengths. The primary characteristics of strong sundowners from this classification include 1) internal gravity
wave breaking over the Santa Ynez range, 2) initiation in the western Santa Ynez range with eastward
progression over the course of a day, 3) a maximum likelihood of occurrence in April and May near 2000
Pacific standard time, and 4) a limited downstream extent for most events, such that the long-term historical
weather station, Santa Barbara airport, often does not experience moderate events. Analysis of an operational forecast rubric composed of the surface pressure difference from Bakersfield to Santa Barbara indicates
that this rubric is not skillful. However, offshore pressure gradients are skillful and are related to the strong
northwesterly alongshore jet. The findings presented herein can be used to provide guidance for fire weather
forecasts and support resource allocation during fire suppression efforts.

1. Introduction
The Mediterranean climate and complex terrain of
coastal Southern California creates a landscape that is
susceptible to extreme wildfires (Westerling et al. 2004).
Typical fire-producing weather events that affect large
segments of this region accompany the well-known
Santa Ana winds that are most prevalent in autumn
and winter (Abatzoglou et al. 2013; Cao and Fovell 2016;
Fovell and Cao 2017; Hughes and Hall 2010; Rolinski
et al. 2016). In Santa Barbara County, many dangerous
and fast-moving wildfires are driven by the extreme
weather phenomena known as ‘‘sundowners.’’ Sundowners
Corresponding author: Craig Smith, craig.smith@dri.edu

are downslope windstorms that occur on the southern
slopes of the west–east-trending Santa Ynez Mountains
(Fig. 1). In general, sundowners are characterized at the
surface by strong northerly (or more commonly northwesterly) winds and relatively warm and dry air. The
degree to which an air parcel in a sundowner event has
dried and warmed up appears to depend heavily on location, where locations farther downslope such as Las
Flores Canyon tend to exhibit more adiabatic warming
than locations closer to the ridgeline such as the Refugio
surface station. However, it appears that many sundowner events are inhibited by a strong marine boundary layer inversion along the southern slopes of the
Santa Ynez range, and thus there can be a significant
amount of variability in the wind velocity, temperature,
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FIG. 1. Topography (m) of the (top) central CA coast and (bottom) Santa Barbara region
including major roads, historical fire initiation points (stars), perimeters, and surface stations of
interest (circles). Details of surface stations are given in Table 1.

and relative humidity time series at a particular location that can make interpretation of individual events
not straightforward. Hatchett et al. (2018) showed that
strong sundowner events occur most frequently in
spring and that their synoptic-scale patterns are
markedly different from Santa Ana wind events. Produced by mountain wave breaking aloft, sundownerdriven wildfires propagate downslope quickly and are
most active at night, contrary to normal wildfire behavior. Most major conflagrations in this area result
from human ignition and often occur contemporaneously with sundowner winds. Recent examples include
the Painted Cave (ignition date 27 June 1990), Gap
(1 July 2008), Montecito Tea (13 November 2008),
Jesusita (5 May 2009), Sherpa (15 June 2016), and
Whittier (8 July 2017) fires. While these fires differ with
respect to ignition location and the areas affected
(Fig. 1), they are similar in some respects: nearridgeline ignition point, rapid downslope growth, and
massive damages and firefighting costs.

The fires were all ignited in the afternoon on particularly hot and windy days. For example, temperatures
were 438C during the 1990 Painted Cave fire, and wind
speeds reached 25 m s21 during the 2008 Montecito Tea
fire and reached 22 m s21 winds at Las Flores Canyon
during the 2016 Sherpa fire. Within 20 min of ignition,
the Painted Cave fire traveled down-canyon over 3 km,
and within 2 h it traveled over 6 km downslope and
crossed U.S. Highway 101. Within 24 h of ignition, the
Sherpa fire grew to over 1619 ha and propagated over
6 km downslope to U.S. Highway 101. Total area
amounts burned during these fires were as follows:
Painted Cave, 2023 ha; Gap, 3821 ha; Montecito Tea,
785 ha; Jesusita, 3550 ha; Sherpa, 3024 ha; and Whittier,
7458 ha. Approximately 15 000 residents were evacuated
during the Gap fire and 35 000 residents during the Jesusita fire. A total of 427 structures burned during the
Painted Cave fire, 210 homes burned during the Montecito fire, and 80 homes burned during the Jesusita fire.
Firefighting costs alone exceeded $20 million for the
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Jesusita fire. During the peak of the Gap fire, Southern
California Edison transmission lines were shut down,
and over 150 000 people were without power. Of the
latest large six conflagrations in the area, two were
caused by intentional arson (Painted Cave and Gap),
three were accidentally started by humans (Montecito,
Jesusita, and Sherpa), and one (Whitter) remains under
investigation. Considered together, these recent fires
show that the population of Santa Barbara is extremely
exposed to fire risks due to intentional or accidental fire
ignitions in fire-prone chaparral ecosystems. The exposure risk is such that vast swaths of population in Santa
Barbara County may need to evacuate within 24 h of any
fire ignition and that the main east–west evacuation
route (or ingress route for emergency management
personnel), U.S. Highway 101, may be closed because of
the fires.
The extreme hazards posed by sundowners necessitate the construction and validation of a robust operational forecasting algorithm. Current operational
forecasts produced by the National Weather Service
(NWS) Forecast Office at Oxnard, California, are used
by local firefighting agencies to determine staffing levels
during significant fire events. They use pressure differences between Santa Barbara airport and Vandenberg,
Santa Maria, and Bakersfield, California, as their primary metric to determine the strength of winds associated with sundowners (Gomberg 2016). These metrics
were first suggested by Ryan (1996). In addition to surface pressure differences, previous studies on sundowners
have also noted the importance of mountain waves (Blier
1998; Cannon et al. 2017), 850-mb (1 mb 5 1 hPa) wind
direction and velocity (Blier 1998), sensitivity to the
presence and depth of the downstream marine layer
(Blier 1998), vertical wind shear near ridge height, and
the presence, height, and magnitude of upstream inversions (Ryan 1996; Blier 1998). Importantly, the literature on sundowners is almost wholly composed of
case studies: Blier (1998) considered the 19 July 1992,
2 November 1992, and 31 December 1995 events; Sukup
(2013) considered the Montecito Tea fire, and Cannon
et al. (2017) considered the 23 April–5 May 2004 Painted
Cave and Jesusita fire events.
The goals of this paper are to elucidate the dynamics
of sundowner winds using the Sherpa fire case study and
in a general sense using an 11-yr dynamically downscaled climatology. A secondary goal is to test the
strengths and weaknesses of the surface pressure difference forecasting rubric currently in use by the NWS
Forecast Office in Oxnard. The paper is structured as
follows. An introduction to the near-surface mesoscale
meteorology of the Sherpa fire, including observations
and model simulations, is given in section 2. Details of

the numerical simulations are provided in the appendix.
In section 3 we introduce and consider the utility of a
sundowner index as a one-dimensional proxy for the
complex four-dimensional dynamics of sundowners. The
sundowner index is used alongside an 11-yr dynamically
downscaled climatology in section 4 to describe mean
characteristics of sundowners and assess the utility of
NWS forecasting rubrics. A summary and our conclusions are provided in section 5.

2. The near-surface mesoscale meteorology of the
Sherpa fire
In contrast to the meteorological network used for
observing Santa Ana winds in San Diego County to the
south (Cao and Fovell 2016), the surface network in
Santa Barbara is not sufficiently dense to properly
characterize and describe the dynamics of sundowners
in detail. Previous studies have noted that the station at
the Santa Barbara airport often does not experience
sundowner conditions even while they are present in the
foothills above the coastal plain (Blier 1998) since the
station may often be located under an atmospheric rotor
due to mountain waves launched by flow over the Santa
Ynez ridge. However, over the last decade, a few stations in the foothills of the Santa Ynez Mountains have
been added by local agencies that enhance the description of the meteorology associated with the recent
Sherpa fire, including simulation validation, compared
to what is possible with other historical sundowner
events. Locations and details of these stations are shown
in Fig. 1 and Table 1. Station data were acquired from
MesoWest (Horel et al. 2002).
The Sherpa fire was ignited near the ridgeline of the
western Santa Ynez Mountains above Refugio Canyon
on Wednesday, 15 June 2016 (Fig. 1). The fire was first
reported near 1600 Pacific daylight time (PDT) and
TABLE 1. Details of the surface observation stations.
Name

ID

Bakersfield
KBFL
Goleta Foothills
CI094
La Cumbre Peak
AS303
Las Flores Canyon
CQ118
Montecito
MTIC1
Oxnard
KOXR
Refugio
RHWC1
Santa Barbara
KSBA
Santa Maria
KSMX
Santa Ynez valley
KIZA
Vandenberg
KVBG
Buoy 11
46011
Buoy 54
46054
Harvest Oil Platform HRVC1

Lat (8N) Lon (8W) Elev (m)
35.434
34.472
34.500
34.489
34.461
34.201
34.517
34.426
34.900
34.607
34.729
34.900
34.300
34.468

119.057
119.868
119.721
120.047
119.649
119.203
120.075
119.844
120.449
120.076
120.577
120.900
120.400
120.673

155
195
1204
189
493
43
447
3
78
205
112
0
0
0
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FIG. 2. (top) Observed wind speed, (second row) wind direction, (third row) temperature,
and (bottom) surface pressure difference (station 2 Santa Barbara airport) at nearby surface
stations (see Fig. 1 for locations of stations) during the time period around the Sherpa fire. See
Table 1 for station names.

within hours it grew to over 500 ha. Evacuations were
quickly ordered for El Capitan State Beach, Refugio
State Beach, and El Capitan Canyon. Shortly thereafter,
U.S. Highway 101 was closed to traffic. Sundowner
winds drove the fire down the Refugio and El Capitan
Canyons overnight, with observed wind speeds of
17–18 m s21 from the northwest at Refugio Canyon and
at Las Flores Canyon, which is located just uphill from
an oil refinery (Fig. 1). By Thursday morning the fire had
grown to 1619 ha, and Southern California Edison was
forced to shut down transmission lines that passed
through the burn area. Over the course of the next few
days, the fire grew overnight as a result of the sundowner
winds, and fire growth ceased during the day as the
sundowner winds weakened. By the weekend, the sundowner winds abated, and firefighters were able to
contain most of the fire within a controlled perimeter
with the exception of a few hot spots in extremely rugged terrain. Full containment did not occur until 21 July,
over a month after ignition. In contrast to the previously

mentioned fires, the Sherpa fire burned in the western
(as opposed to central and eastern) canyons and foothills of the Santa Ynez Mountains. This portion of the
Santa Ynez range is predominantly agricultural, relatively sparsely populated, and, with the exception of an
oil refinery, largely devoid of a significant concentration
of high-value structures.
During the Sherpa fire, wind speeds at the Las Flores
Canyon and Refugio Canyon surface stations were
strongest overnight (Fig. 2), with maximum wind speeds
of roughly 19 m s21 on the evening of 16 June at both
stations with north-northwesterly winds. Previous nights
also showed a typical pattern with greater than 15 m s21
north-northwesterly winds at the Refugio Remote
Automated Weather Station (RAWS), which is located
farther upslope than the other stations. Relatively moderate (less than 10 m s21) north-northwesterly winds were
observed farther downslope at Las Flores Canyon. We
hypothesize that this is due to a limited downstream
extent of the downslope windstorm on 14 and 15 June.
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FIG. 3. Observed (black) and modeled (red) wind speeds during the Sherpa sundowner event
at (top) Santa Barbara airport, (second row) Santa Ynez valley, (third row) Vandenberg,
(fourth row) Refugio, and (bottom) Las Flores Canyon.

Unfortunately, the Montecito RAWS station was not
working at this time. During this event, neither Santa
Barbara airport nor the Santa Ynez valley station experienced high winds. No significant temperature ramps
(Hatchett et al. 2018), indicative of adiabatic warming,
were observed during this event at Santa Barbara airport;
however, nighttime temperatures remained anomalously
warm in the foothills relative to the Santa Ynez valley
and the Santa Barbara coastal plain. For example, just
before midnight on 16 June, temperatures at Las Flores
Canyon were 108C higher than in the Santa Ynez valley, and similar conditions occurred on subsequent
nights as well. From 18 to 19 June, the low temperature
at Refugio was 128C higher than at Santa Ynez valley
and 78C higher than at Santa Barbara airport, while Las
Flores Canyon was 138C warmer than the Santa Ynez
valley and 88C warmer than Santa Barbara.
On the day of ignition, maximum mean sea level
pressure (MSLP) differences to Santa Barbara airport
peaked at approximately 4.5 mb from Santa Maria,
4.8 mb from Vandenberg, and 1.2 mb from Bakersfield

(Fig. 2). These values represented a surface pressure
difference in the 98th percentile for Santa Maria and
Vandenberg, and the 70th percentile for Bakersfield for
all values computed from 1997 to 2017. While the MSLP
difference to Bakersfield did increase to 3.6 mb on
16 June (93rd percentile), near the time of ignition the
maximum difference from Bakersfield still was less than
0.0 mb while wind speeds at Refugio were 18 m s21 from
the north-northwest. This observation provides a counterexample to Ryan (1996), who stated that ‘‘Sundowners have not been observed to occur for MSLP
differences of less than 0 mb to Bakersfield.’’
The strong north-northwesterly winds at Refugio and
Las Flores Canyon and localized near-surface heating in
the foothills strongly suggest that downslope windstorms
are a critical component of this event. Downslope
windstorms, however, are a four-dimensional phenomenon best observed using remote sensing or airplanemounted instrumentation. It is not possible to observe
them using the current sparse observational network
in the area. To address this limitation, we utilized a
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FIG. 4. As in Fig. 3, but for temperatures.

numerical weather prediction (NWP) model [Weather
Research and Forecasting (WRF) Model; Skamarock
et al. (2008)] to better elucidate the dynamics of the
Sherpa sundowner event. The details of our model
simulations can be found in the appendix.
To verify the fidelity of the simulation, we first consider the time series of modeled versus observed wind
speed (Fig. 3) and near-surface temperature (Fig. 4).
Quiescent winds at Santa Barbara airport were well
simulated, as was the diurnal cycle of wind speeds in the
Santa Ynez valley and at Vandenberg. At Refugio, the
model undersimulates the high (greater than 15 m s21)
overnight northerly winds by roughly 5 m s21. That underbias is likely due to the micrositing of Refugio station
on a local prominence that is not resolved by the model.
The Montecito RAWS station is situated similarly and
has shown a similar underbias in other modeling studies
(Cannon et al. 2017). At Las Flores Canyon the model
produces a false alarm on 15 June, when high winds were
forecast but not verified, but verifies well on the next
day. The first three of the stations suggest that the model
is generally able to simulate the meteorology of the area,
but Las Flores Canyon suggests that simulation validity

during sundowners is sensitive to errors in the magnitude
and extent of the lee slope jet. Generally speaking, this
type of error is very common with forecasts of downslope
windstorms as a result of their highly nonlinear nature
(Reinecke and Durran 2009; Doyle and Reynolds 2008)
and is seen often in simulations of Santa Ana events as
well (Fovell and Cao 2017). Simulated temperatures
verify well at Santa Ynez valley, Vandenberg, and Refugio. Similar issues regarding the lee slope jet exist in the
temperature validation at Las Flores Canyon, and the
temperature validation at Santa Barbara airport is prone
to land–sea contrast issues associated with the siting of
the station relative to the coastline and horizontal grid
resolution of the model. Cannon et al.’s (2017) validation
of temperature and relative humidity at Santa Barbara
airport shows similar biases (cf. their Fig. 4). Simulated
MSLP differences (Fig. 5) at Vandenberg and Santa
Maria verified well, and the false alarms at Las Flores
Canyon did not coincide with particularly erroneous
simulated MSLP differences.
North–south cross sections (Fig. 6) of the y component
of wind speed along the Las Flores Canyon (see Fig. 1
for location) during the afternoon of 15 June 2016
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FIG. 5. Observed (black) and modeled (red) surface pressure difference (station 2 Santa
Barbara airport) during the Sherpa sundowner event at (top) Vandenberg and (bottom)
Santa Maria.

show a progression of internal gravity waves (IGWs)
breaking along the southern side of the Santa Ynez
range and a northerly lee flow jet over 20 m s21 with a
downstream extent that almost reaches offshore. A
mean state critical level, in which the component of wind
speed perpendicular to the ridge reverses, is present and
is fairly low. Trapped lee waves and a rotor circulation
are not present. The magnitude and downstream extent
of the jet, and the IGWs breaking aloft, vary throughout
the course of the day such that there is a local maximum
in the lee slope jet during early evening (Fig. 6, bottom)
and a minimum during the day (Fig. 6, top).
A temporal progression of contour plots of 10-m wind
speed and 2-m temperature at the same times (Fig. 7)
shows warm temperatures and northerly winds that
initiate in the early afternoon in the Gaviota area. Over
the course of the afternoon, these winds propagate
eastward with an early evening localized focus on the
central Santa Ynez and downstream to the Santa Barbara coastal plain. Near-surface temperatures along the
southern flank of the Santa Ynez during this event are
always greater than the temperatures both along the
ridge of the Santa Ynez Mountains and in the upper
Santa Ynez valley. This is a clear signal of adiabatic
warming of air parcels as they descend the southern
slopes of the Santa Ynez Mountains. Coupled with the
northerly near-surface wind speeds, the adiabatic
warming composes the most observable manifestation
of the sundowner phenomena near the surface.

3. Utility of the sundowner index
Given the complex four-dimensional nature of sundowner winds in time and space, and our end goal of
determining their predictability using observed and
simulated variables of interest, we propose a single time
series index to combine the multidimensional dynamics
into a single time series. This time series considers the
spatially and temporally varying manifestations of sundowner winds at the surface, namely northerly wind
speed and temperature surplus relative to the ridge of
the Santa Ynez due to adiabatic warming. An example
showing the importance and prevalence of near-surface
warming in downslope windstorms is shown in Fig. 7 in
Elvidge et al. (2016). The sundowner index at each grid
point SI(i, j) in the model is defined as
SI(i, j) 5 21 3

y(i, j) [T(i, j) 2 Tref ]
1
,
y norm
Tnorm

(1)

where i and j denote grid cells in the x and y direction,
respectively; y is the component of wind speed in the
north–south direction at 10-m height, T is the temperature at 2-m height, and Tref is the reference temperature
along the ridgeline of the Santa Ynez ridge (at La
Cumbre Peak; see Fig. 1); and Tnorm and y norm are normalization constants equal to 1.08C and 1.0 m s21, respectively, that allow for the creation of a single,
nondimensional time series consisting of wind speed and
temperature. All cells in which the y component of the
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FIG. 6. Simulated y component of wind speed and isotherms (black lines) along the north–
south cross section from south to north (from left to right on the x axis) through the Las Flores
Canyon at (top) 1200, (middle) 1600, and (bottom) 2000 PST 15 Jun 2016. See Fig. 1 for crosssection location.

wind speed is greater than zero, or the temperature is
not greater than the reference temperature, are assigned an SI of zero (i.e., there are no negative SI
values). We also define a latitudinally summed sundowner index SI(lon), which is summed over a single
column of grid cells in the north–south direction and a
total area SI, summed over the entire relevant area (see
Fig. 1 for the bounding box location). The SI combines
two disparate scalars, wind speed and temperature,
in a way that is physically meaningful for downslope
windstorms and can be operationalized into a single
time series value for forecasting purposes. The normalization weights we assign are arbitrary, and there
are other ways in which a valid SI could be computed.
Nonetheless, the manner in which we have constructed
the various forms of the SI produces physically meaningful signals. The purpose of the SI is to augment
output from the dynamically downscaled output and
provide an additional means to help understand the
underlying dynamics of sundowner events by quantifying the magnitude of each event.

An example contour map plot of the SI at each grid
cell is shown in Fig. 8 (at the same time as Fig. 7, bottom), the SI summed by latitude is shown as a function of
longitude and time for the Sherpa event in Fig. 9, and the
bounding box area summed SI time series is shown in
Fig. 10. The contour map of SI shows similar characteristics compared to the previous contour maps, such as
localization of the sundowner winds to the foothills and
not fully extending across the Santa Barbara coastal
plain, as well as the focus on the Gaviota area along the
western margin of the range. The time versus longitude
plot (Fig. 9) and time series plots (Fig. 10) both show the
diurnal nature of sundowners, with a peak from the
evening through the early morning hours and an almost
total decay during the day. The latitudinally summed SI
(Fig. 9) also shows the afternoon focus on the Gaviota
area of the western Santa Ynez, a local minimum from
120.08 to 119.98W corresponding to the lee of Santa
Ynez Peak (1307 m), the propagation of the sundowner
eastward toward the central part of the range in early
evenings as shown by the tilting of constant values of
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FIG. 7. Wind speeds at 10-m height (blue quivers), temperatures at 2-m height (filled contours), and
topography height (black lines) at (top) 1200, (middle) 1600, and (bottom) 2000 PST 15 Jun 2016.

SI(lon) upward and to the right, and the decay of the
Gaviota focus toward the west from midnight until early
morning. The diurnal modulation of the SI time series
(Fig. 10) during the Sherpa event matches that of the

wind speed and temperature (Fig. 2) at the foothill stations, with peaks in late evening and a daytime relaxation, and demonstrates that the SI can be used as a
single time series proxy for the downslope windstorm

FIG. 8. SI at each grid point (filled contours), 10-m winds (blue quivers), and topography (black
lines) at 2000 PST 15 Jun 2016.
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FIG. 9. Latitudinally summed SI as a function of longitude and time
during the Sherpa fire.

sundowner phenomena that corresponds well with the
observed wind speed and temperature (Fig. 2).

4. Mean characteristics of sundowners from a
downscaled climatology
While many typical characteristics of sundowners are
exemplified in the Sherpa fire case study, improved understanding can be gained by considering them as a
whole over a suitably representative period. To do this,

VOLUME 57

we produced a dynamically downscaled climatology
over an 11-yr period using a WRF simulation at 2-km
horizontal grid resolution. Further details of the simulations can found in the appendix. From these simulations, we computed the SI to help us evaluate the validity
of various claims about sundowners in general, since
the historical literature generally consists of event case
studies, with the exception of the observed Santa
Barbara temperature ramp climatology by Hatchett
et al. (2018).
We mapped the 11-yr SI time series to a percentile value
as a cumulative distribution function (CDF) of 1-hourly
SI values and daily maximum SI values (Fig. 11). For
reference, the maximum SI percentiles during the Gap,
Jesusita, Montecito Tea, and Sherpa fires were in the
92nd, 80th, 98th, and 98th percentiles, respectively.
Based on the daily maximum value, we define greater
than 99th, greater than 90th, and less than 30th percentile events as strong, moderate, and nonevents,
respectively, and we generated composites from an
aggregation of all events of those given strengths.
A progression of SI contour maps (Fig. 12) throughout
the course of a day for strong (.99%) sundowner events
shows similarities to that of the Sherpa fire event: an
early afternoon localization to the Gaviota area on the
western side of the Santa Ynez, a progression of the
sundowner from west to east throughout the late afternoon, and an evening peak of the magnitude of the
sundowner at approximately 2000 Pacific standard time
(PST). The general agreement between the composite
maps and the maps during the Sherpa event help support
our use of the dynamical downscaling technique here.
Likewise, composite north–south vertical cross sections
(not shown) display similar behavior to the cross sections from the Sherpa fire (Fig. 6). Contour maps of
moderate strength composites (Fig. 12, bottom) at
2000 PST show that the downstream extent of moderate

FIG. 10. SI vs time during the Sherpa fire.
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FIG. 11. CDFs of maximum hourly and daily SI values.

events tends to be confined to the foothills of the Santa
Ynez and that their magnitude is often greatly diminished
before reaching Santa Barbara. This behavior was also
seen in the surface observations of the Sherpa event
(Fig. 2) and in a previous study (Cannon et al. 2017).
An analysis of the percent occurrence of latitudinally
summed SI exceeding a particular critical value as a
function of time of day and month of year (Fig. 13) also
shows the focus on the Gaviota area in the western part
of the Santa Ynez range, in addition to revealing that the
diurnal and seasonal variability of sundowners is such
that they are most likely in early evening during spring.
The seasonal timing may be related to the synoptic-scale
modulation of sea level pressure forcing along the West
Coast. Likewise, mean hourly SI values as a function of
month of year and time of day (Fig. 14, top) show a
propensity for sundowners to occur in March–May between 1900 and 2200 PST. This is in agreement with
an analysis of the sundowner climatology generated
using long-term observations at Santa Barbara airport (Hatchett et al. 2018). Hatchett et al. (2018) found
the secondary, late fall/early winter sundowner peak to
correspond with Santa Ana wind events.
A similarly computed climatology of MSLP difference (Fig. 14, middle and bottom) shows the highest
differences from Santa Maria to Santa Barbara airport
peak in May from 1900 to 2200 PST, with a secondary
peak in August and September. The late spring and
early summer peak of positive MSLP differences lags
that of the SI by 1–2 months. The secondary peak in late
summer does not correspond to the late fall sundowner
peak at all. While the contours of the MSLP difference
appear to explain a significant portion of sundowner
occurrence, it is likely that there are other dynamical
factors that determine the occurrence and magnitude of
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sundowners. We hypothesize that upstream profiles of
wind speed and temperature play an important role,
and we test that hypothesis in a subsequent paper (Smith
et al. 2017, manuscript submitted to J. Appl. Meteor.
Climatol.). Positive MSLP differences from Bakersfield
to Santa Barbara airport are completely misaligned with
that of the sundowner index. The time series of MSLP
differences during the Sherpa fire suggested that the
Bakersfield minus Santa Barbara airport gradient was
likely irrelevant on the day that the Sherpa fire started,
and this analysis extends that concept into a more general
climatological sense. Scatterplots of hourly SI values and
MSLP differences (Fig. 15) show a strong positive correlation to Santa Maria (Pearson correlation coefficient
R 5 0.68) and weaker positive correlation at Bakersfield
(R 5 0.42). Similarly, the MSLP difference plotted
against the SI CDF bin (Fig. 16) shows a strong relationship for all of stations considered with the exception
of Bakersfield. At Bakersfield, the MSLP difference
versus the SI CDF bin increases less than 1 mb from 50th
percentile events through 99th percentile events.
One potential caveat to our analysis is that our SI
considers downslope windstorms over the entire Santa
Ynez range. The existence of a Montecito-type sundowner with an eastern focus was postulated by
Ryan (1996). Ryan (1996) found that northeasterly
850-mb winds will increase wave energy toward the east,
particularly in the Montecito and Carpinteria areas. He
also stated that the Bakersfield MSLP difference is
secondary to that of Santa Maria. Sukup (2013) examined the Montecito-type sundowner idea in more detail
by calculating the percentage of events with wind gusts
over 50 mi h21 (22.3 m s21) at the Montecito RAWS as a
function of the MSLP difference from Bakersfield to
Santa Barbara airport. He found that 50 mi h21 (22.3 m s21)
wind gusts were not more likely to occur than not occur for
all events with MSLP differences of less 8.0 mb. Crucially,
the 8.0-mb cutoff composes just 0.5% of all events, and thus
the difference from Bakersfield to Santa Barbara airport
was not skillful until the difference exceeded a very
extreme value.
In consideration of Sukup’s (2013) analysis, and the
linear relationship that the NWS Forecast Office in
Oxnard (Gomberg 2016) uses to determine wind speed
at Montecito from the Bakersfield minus Santa Barbara
airport MSLP difference, we plotted all hourly northerly
wind speed values at the Montecito RAWS and Refugio
RAWS against the Bakersfield and Santa Maria MSLP
differences (calculated from Santa Barbara; Fig. 17).
Consistent with the analysis based on the SI (see section 3),
we found a strong positive relationship between the Santa
Maria MSLP difference and the northerly wind speeds
at the western-located Refugio RAWS (R 5 0.83) and
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FIG. 12. Composite contour maps of SI (filled contour), 10-m wind velocity (blue quivers), and terrain
height (black contour lines) for strong (99th percentile) sundowner events at (top) 1200, (second row)
1600, and (third row) 2000 PST, as well as (bottom) a moderate (90th) percentile event at 2000 PST.

between the Santa Maria MSLP difference and northerly
wind speeds at the eastern-located Montecito RAWS
(R 5 0.68). The positive relationship between northerly
winds speeds at the Refugio RAWS (R 5 0.40) and
Montecito RAWS (R 5 0.52) and the Bakersfield MSLP
difference is much more scattered, although a mean trend
between strong northerly winds and positive MSLP pressure difference from Bakersfield does exist. This analysis
somewhat contradicts Sukup’s (2013) claim that Santa

Maria and Bakersfield ‘‘show similar skill in predicting
extreme northeasterly wind gusts near Montecito.’’
Overall, our analysis indicates relatively little objective
utility in the use of the Bakersfield minus Santa Barbara
airport surface pressure difference as a sundowner forecasting rubric. Our methodology differs from that of
Sukup (2013) in that we use all modeled northerly wind
speeds at Montecito, whereas Sukup (2013) uses the observed MSLP difference and wind gusts, specifically
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in spring just after sunset. A typical manifestation of
sundowners in the sparse observational record is a late
afternoon temperature ramp at the Santa Barbara airport. For example, a 138C (238F) ramp was observed at
the Santa Barbara airport between 1900 and 2000 PST
18 June 2008, while no ramp at all was observed at nearby
surface stations such as Santa Ynez valley, Oxnard, and
Vandenberg. However, not all sundowners are associated
with temperature ramps at the Santa Barbara airport, and
many sundowners occur over the western part of the
range and/or are confined to the foothills of the Santa
Ynez. The downslope extent of the lee jet appears to be
modulated by the degree of nonlinearity of the IGWs
launched by the Santa Ynez ridge. The confluence of four
factors drives the need for an accurate understanding of
sundowner events and their predictability:
d

d

FIG. 13. Percent occurrence of SI summed by longitude greater
than 6.0 as a function of longitude and (top) hour of day and
(bottom) month of year.

looking at the 99.5th percentile of events. The existence of a
Montecito-type sundowner as a distinct subtype of sundowners is considered in a subsequent paper (Smith et al.
2017, manuscript submitted to J. Appl. Meteor. Climatol.).
A composite MSLP difference map at 2000 PST for
the strong events (99th percentile; Fig. 18) shows that
MSLP differences to the Santa Barbara airport are relatively weak in the southern San Joaquin valley and are
very strong offshore to the west and northwest. The
simulated pattern of surface pressure differences for
strong events is similar to that computed from reanalysis
for a climatology of sundowner events derived from
Santa Barbara temperature ramps alone (Hatchett et al.
2018). Relative to nonevents (not shown), strong sundowner events are characterized by high offshore pressure and a strong low-level north-northwesterly jet.
This wind speed and pressure pattern is a common occurrence off the central and southern California coast
in spring and summer (Dorman and Winant 2000;
Skyllingstad et al. 2001; Dorman and Koraćin 2008).

5. Discussion and conclusions
Sundowners are a type of downslope windstorm that
occurs along the southern flank of the Santa Ynez
Mountains on the central California coast most commonly

d

d

most large fires and fires demonstrating extreme fire
behavior in the area occur contemporaneously with
sundowners;
most large fires in the area are human caused,
implying that these fires can be prevented during
sundowner wind events;
sundowner winds drive fires downslope very quickly at
night, which is contrary to typical fires; and
both major ingress/egress routes (U.S. Highways 101
and 154) are susceptible to closure during sundownerdriven fire events.

We explored the general characteristics of sundowners using a case study simulation of the Sherpa fire,
an 11-yr dynamically downscaled climatology, and a
sundowner index computed from that climatology.
North–south cross sections showed that the Sherpa fire
and extreme sundowner events in general are an internal
gravity wave–breaking phenomena characterized by a
lee-slope shooting jet (Fig. 6). Rotors and trapped lee
waves are not typically seen during strong events, even
in an examination of 37 disparate events simulated at
higher (667 m) horizontal resolution. Observations from
surface stations of strong northerly flow and elevated
near-surface temperatures during late evenings were
validated by the simulations. Sundowners typically exhibit strong variability on diurnal time scales—with
peaks in late evening and a daytime cessation of sundowner winds. They often initiate in early afternoon in
the Gaviota area and propagate eastward during late
afternoon. Weak events often are confined to the western edge on the Santa Ynez above the Gaviota area. A
lee-slope jet becomes stronger and more coherent during the nighttime and is consistent with idealized simulations of mountain wave breaking and an increase in
buoyant destruction of turbulent kinetic energy in the jet
itself (Smith and Skyllingstad 2009, 2011).
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FIG. 14. (top) Mean SI value and MSLP difference (station 2 Santa Barbara airport) at
(middle) Santa Maria and (bottom) Bakersfield vs hour of day and month of year.

The precursor environment leading to strong sundowners is characterized by a strong north-northwesterly
alongshore jet and associated positive MSLP difference
from offshore of Point Conception to Santa Barbara. The

historically used MSLP difference from Bakersfield to
Santa Barbara airport (Gomberg 2016) was found to be
of little skill in determining the strength of sundowner
events and northerly wind speeds at Montecito. Offshore

FIG. 15. Scatterplot of SI vs pressure difference (station 2 Santa Barbara airport) at (left) Santa Maria and (right)
Bakersfield.
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FIG. 16. Mean surface pressure difference vs mean SI CDF bin for various stations. See Table 1
for station names.

surface pressure gradients and the alongshore jet do not,
however, fully explain the seasonal and diurnal variability of sundowners. The Santa Ynez ridgeline varies
in height from 800 to 1200 m, and thus it appears likely
that a northwesterly jet is advected into the Santa Ynez
valley by the local sea breeze and is subject to afternoon
surface heating before being advected over the ridge and

entrained in the lee-slope jet. A subsequent paper
examines this and the variability of upstream profiles
of wind speed and temperature and how they relate to
sundowners (Smith et al. 2017, manuscript submitted to
J. Appl. Meteor. Climatol.).
The spatial patterns of the wind speed offshore appear
very similar to a supercritical or transcritical expansion

FIG. 17. Northerly component of wind speed at (top) Montecito and (bottom) Refugio vs surface pressure difference (station 2 Santa Barbara airport) at (left) Santa Maria and (right) Bakersfield.
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FIG. 18. Composite contour map of 10-m wind speeds (magenta quivers) and surface pressure
difference to Santa Barbara airport of strong (99th percentile) events at 2000 PST. The magenta line indicates delineation between positive and negative sea level pressure
difference values.

fan in the lee of Point Conception (Dorman and Winant
2000; Skyllingstad et al. 2001; Dorman and Koraćin
2008). The ability of the northerly flow to adjust to the
California Bight is determined by the ratio of the mean
wind and the interfacial gravity wave speed along the
inversion height. In the supercritical case, as the flow
reaches Point Conception, the marine boundary layer
(MBL) becomes lower, and wind speeds increase and
turn toward the east. Both supercritical and transcritical
cases are characterized by a localized surface low pressure in the nearshore Santa Barbara channel as a result
of the expansion fan alone (apart from any sundowner
activity) that may enhance the local sea-breeze forcing
over the Santa Ynez ridge. Additionally, in the transcritical case, a high pressure compressional bulge develops off the coast of Point Conception, which is possibly
present in our composites (Fig. 18) and may further enhance the local sea-breeze/sundowner forcing in the Santa
Ynez valley. The following mechanisms may possibly explain the decay of the sundowners from east to west:
d

d

d

modulation of the upstream offshore MBL by surface
heat fluxes and/or
decay of the sea breeze in the Santa Ynez valley as
forced by inland surface heat fluxes and/or
propagation of subcritical disturbances created in the
eastern Santa Barbara channel back toward the west
and subsequent relaxation of supercritical acceleration
near Point Conception (e.g., Skyllingstad et al. 2001).

In a subsequent paper (Smith et al. 2017, manuscript
submitted to J. Appl. Meteor. Climatol.) we consider how
the alongshore jet, Santa Ynez sea breeze, and profiles of
the wind speed and direction, as well as the temperature,
vary over the course of a typical sundowner day and how
they affect the lee-slope jet characteristics.

Acknowledgments. This research was funded by National Science Foundation Grant AGS-1419267. We
appreciate the efforts of three anonymous reviewers
that have helped us refine and improve the manuscript.

APPENDIX
Model Description and Setup
Modeling experiments were performed with the
Weather Research and Forecasting (WRF) Model,
version 3.7.1 (Skamarock et al. 2008). The setup for the
downscaled climatology was determined based on
quantitative skill calculation of the root-mean-square
error and bias of wind speed and temperature for a period of 1 week around the Sherpa fire calculated for all
possible members, similar to the methodology used for
Santa Ana events shown by Cao (2015). The set of
possible configurations included options for initialization, horizontal grid resolution, and multiphysics parameterization. Experiments are initialized with GFS
boundary conditions at 6-h intervals and grid spacing of
0.58 3 0.58. We chose the GFS final analysis since it
provided the highest fidelity simulation of the Sherpa
fire relative to other initialization options such as
NARR, NAM, and CFSR. Sea surface temperature
(SST) was taken from the NCEP–NCAR real-time
global (RTG) high-resolution (1/128) analysis archive,
with monthly updates before 2013 and daily updates
from 2013 onward. Our simulations were tested with 18-,
9-, 6-, 3-, 2-, and 1-km horizontal grid resolutions. We
chose the 2-km resolution since it provided a high skill
level relative to the other resolutions, and the 1-km
resolution was not more skillful. The innermost domain
had dimensions of 254 km 3 134 km. We used 50 vertical
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levels. The 11-yr downscaled climatology was created
with 132 consecutive month-long simulations. Model
spinup for each simulation, in which root-mean-square
error was elevated relative to the rest of the simulation,
was found to be less than 2 h per month (,0.3%) in the
simulations, and thus no model spinup was discarded.
We tested our model configuration based on 10 possible candidate multiphysics members with permutations of the land surface scheme, surface layer physics,
and boundary layer physics. We evaluated the following PBL physics options—Yonsei University
(YSU; Hong Noh and Dudhia 2006), MYJ (Janjić
1994), Mellor–Yamada–Nakanishi–Niino (MYNN2;
Nakanishi and Niino 2006), and the Asymmetric
Convective Model, version 2 (ACM2; Pleim 2007); the
following surface-layer physics—MM5 similarity, Eta
similarity, Pleim–Xiu, and MYNN; and the following
land surface models—five-layer thermal diffusion, the
Noah LSM (Chen and Dudhia 2001), RUC, and
Pleim–Xiu. The best-performing member was ACM2PX. Further parameterizations used in our simulations
include Eta (Ferrier) microphysics, Kain–Fritsch cumulus
physics (Kain 2004), Rapid Radiative Transfer Model for
GCMs (RRTMG) shortwave and longwave radiation
physics (Iacono et al. 2008), and MODIS land-use data.
All results are presented in local Pacific standard time
(PST 5 UTC 2 8), using standard American dating nomenclature (MM/DD/YY), and results are presented for
the innermost domain only.
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