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SANTA ANA WINDS AND THE FIRE OUTBREAK
OF FALL 1993

Ivory J. Small - NWSFO Los Angeles/Oxnard

I. INTRODUCTION

From late October 1993 through early
November of 1993, one of the worst fire
outbreaks in recent history occurred in
southern California. The fires were the
result of a near-perfect combination of
several factors; strong Santa Ana winds,
high temperatures, low relative humidities,
the abundance of vegetation due to well-
above normal rainfall during the last two
winters, and the lack of significant
precipitation over the previous six months.
A brief description of Santa Ana winds and
how the current conceptual models relate
to the winds will be given in section II. In
section III, the typical synoptic and
mesoscale patterns as well as the current
methodology used by the Los Angeles/
Oxnard National Weather Service Forecast
Office NWSFO LOX) to forecast Santa
Ana winds will be given. In section IV, the
synoptic and mesoscale conditions
associated with five Santa Ana wind cases,
including a comparison to the PCGRIDS
forecasts, will be presented to further
illustrate this methodology. In section V,
an overview of conditions commen to fire
outbreaks will be presented by comparing
the fall 1993 scenario to the Panorama Fire
scenario of fall 1980. Finally, additional
"problems and a summary of the possible
improvements to the forecasting of Santa
Ana winds will be presented.

II. OVERVIEW OF SANTA ANA
WIND

a. Definition of Santa Ana Winds

In the Glossary of Meteorology, (Huschke
1959) the Santa Ana wind is defined as a
".hot, dry foehn-like desert wind,
generally from the northeast or -east,
especially in the passes and river valley of
Santa Ana, California, where it is further
modified as a mountain gap wind...".
Generally these winds occur on the
southwestern slopes below the passes and
canyons of the coastal ranges and in the
Los Angeles Basin. The Los Angeles Basin
is bounded to the north through east by
the coastal ranges, with peaks to above
11,000 feet, and on the west by the Pacific
Ocean. Figures 1, 2, and 3 show the
location of the Los Angeles Basin as well as
the locations of the cross sections that will
be used.

The above definition of the Santa Ana wind
has been modified somewhat by forecasters
at NWSFO LOX, who have placed speed
minimums on the winds, reserving the use
of "Santa Ana" for more significant events
(with speeds in excess of about 25 knots in
heavily populated areas). Also, since "hot"
is not defined, forecasters do not put a
temperature restriction on the winds.
Occasionally, spotty precipitation occurs
during the early or later stages of these
events. During the times when spotty
precipitation is in the forecast, the event is
known locally as a "wet" Santa Ana.




Santa Ana winds can blow violently over
the southwestern slopes of the coastal
ranges in heavily populated areas of the
basin. These events most commonly occur
between October and February, but can
occur anytime after August and before
June. Mid-summer Santa Ana events are
extremely rare, while December has the
highest frequency of events.

Wind speeds are typically north to east at
about 35 knots in and below passes and
canyons in the mountains and favored
basin locations, with gusts to 50 knots.
Stronger Santa Ana winds can have gusts
to 60 knots or higher over widespread
areas, and over 100 knots in favored areas.
During the widespread Santa Ana episode
of 14-15 November 1993, a peak .wind of
over 65 knots was recorded on the western
slopes of the Santa Ana Mountains on both
days.

According to Fosberg et al. (1966), the
Santa Ana wind is primarily a lee wave
phenomenon, and the air flow is along an
isentropic surface. The altocumulus
standing lenticular reported at the Ontario
Airport during the morning of the 27
October 1993 gives strong support to this
statement (Table 1).

Santa Ana winds are an important forecast
problem because of the hazards associated
with them; high fire danger, wind damage
‘to property, and severe turbulence and low-
level wind shear for aircraft. Also, as the
winds blow offshore, they can be dangerous
for boaters.

Although the most favored locations for
" Santa Ana winds are the western slopes of
the mountains, and the portion of the
basin near the mountains, the winds can
extend over the coastal waters and reach
the islands some 50 miles offshore. During
widespread, strong Santa Ana episodes, the
winds can blow over all of southern

-like obstacle.

California. Usually, the strongest winds
occur near the Cagjon Pass, Santa Ana
Canyon, the Santa Clara River Valley, and
Banning Pass. These areas, henceforth
called the "favored areas", can be seen in
Fig. 1.

b. Conceptual Models and the Santa Ana
Wind

The Santa Ana wind is a type of windstorm
that can occur without strong gradients
aloft, and produce strong winds at the

_surface through the downward transfer of

momentum (however, ‘many Santa Ana
events occur with strong gradients aloft).
Therefore, the Santa Ana can be
categorized as' a type of vertically
propagating wave. In order to properly
address the "amplified mountain wave"
characteristics of the Santa Ana, some
discussion of the conceptual models must
be included.

Durran (1990) discusses downslope winds
by comparing three theoretical models.
The first compares downslope windstorms
to hydraulic jumps of shallow water theory.
The assumption is that a homogeneous
fluid bounded by ‘a free surface is in
hydrostatic balance and flows over a ridge-
Using the shallow-water
momentum and continuity equations, the
Froud number (F'r), is defined as the ratio
of the fluid velocity to the speed of linear

~shallow water gravity waves, Fr® = u?/gD.
Figure 4a is the supercritical flow case

where Fr > 1. The fluid actually thickens,
slows to a minimum speed at ridgetop,
then returns to the ambient speed after
traversing the obstacle. Figure 4b is the
case of Fr < 1 (subcritical flow), where the
fluid thins, reaches a maximum speed at
the crest, then decelerates on the other
side to the ambient flow speed. The
subcritical flow speed at the crest is greater
than the mean flow speed. Figure 4cis the
flow regime that was proposed to be



analogous to downslope windstorms. In
this case, the supercritical fluid flow on the
windward side of the obstacle thins and
accelerates, eventuallybecoming subcritical
at the crest. The fluid continues to
accelerate on the leeward side. Finally, the
flow undergoes a hydraulic jump to
conform to the ambient downstream
conditions.

A second possible explanation discussed by
Durran utilizes theory presented by
Eliassen and Palm (1960) for gravity waves,
with an extension by Klemp and Lilly
(1975) for a multilayered atmosphere. It
was suggested that downslope windstorms
occur when upward propagating gravity
waves are partially reflected by layers in
the atmosphere where the Scorer
parameter changes rapidly. (The Scorer
parameter is dependent on vertical shear
and stability, so regions of rapidly changing
vertical shear and stability can cause rapid
changes of the Scorer parameter. From
this point on, layers of rapidly changing
Scorer parameter will be referred to as
"critical levels"). If the atmosphere is
"tuned" such that the reflected energy due
to the critical levels results in an optimal
superpositions of upward and downward

propagating waves (which determines wave

amplitude), downslope windstorms may
result. The optimal static stability
structure for high amplitude waves consists
of a relatively deep conditionally unstable
layer in the middle troposphere, bounded
above by the stratosphere, and below by a
shallow layer of high static stability air in
the lower troposphere.

The third explanation mentioned in
" Durran was proposed based on numerical
models. In the models, breaking waves
resulted in a critical layer, which as seen in
the second explanation, can reflect upward
propagating waves downward.

In the case of the Santa Ana wind, it is
possible that the critical layer is not
produced by a breaking wave, but rather by
an evolving synoptic pattern. While high
pressure at the surface moves into the
Great Basin, and pushes into the desert
areas of southern California from the north
and east, a ridge of high pressure aloft
pushes inland from the northwest, creating
a critical layer. This is similar to the
critical layer creation process noted for
"Sundowner Winds", another type of
southern California windstorm, discussed
in Western Region Technical Attachment
90-31.

III. CHARACTERISTIC PATTERNS
AND FORECASTING
TECHNIQUES

a. Synoptic and Mesoscale Patterns

The synoptic scale situation that
characterizes many offshore flow patterns,
including the subset known as the "Santa
Ana", begins with a developing short-wave
trough, moving in a northwest to southeast
direction through Nevada, Arizona, or
southern California. The trough is usually
followed by rapidly building surface high
pressure over northern and central
California, eventually spilling over into
Nevada and Utah. (Nevada and Utah are
frequently referred to as the "Great
Basin"). When the surface pressure over
central California or the Great Basin
exceeds that found along the southern
California coast, offshore flow develops.

A chief upper-air pattern for the strongest
winds is when an upper-level low develops
over southern Nevada, western Arizona,
extreme northwest Mexico, or southern
California. This results in a moderate to
strong southeast to northwest height
gradient and moderate to strong north to
northeast flow at 500 mb and 700 mb over




southern California. (Moderate would be
considered to be a 30 to 50 meter height
change over a distance of 200 miles, and
strong is greater than about 50 meters.)
Also, the temperature difference at 700 mb
between the southern California coast and
southern Nevada (called "thermal support")

 forms almost simultaneously (Harvey,
1959). A three to six degree temperature
difference between the warmer
Vandenberg, California (VBG) and Desert
Rock, Nevada (DRA) would be considered
moderate.

The complex topography of the mouritains
in southern California significantly
influences the location, strength, and
direction of the Santa Ana winds, making
the forecasting of these parameters very
difficult.

During a typical Santa Ana wind episode,
when the surface pressure gradient to the
Great Basin is strong (surface pressure at
Tonapah, Nevada (TPH) exceeds that at
Los Angeles (LAX) by 10 mb or more), but
the surface pressure gradient to central
California is weak (surface pressure at San
Francisco (SFO) is no more than about
4 mb higher than the value at LAX), wind
gusts in excess of 60 knots can occur in the
mountains and in the favored coastal areas
shown in Fig. 1. At the same time, only
weak sustained northeast winds of less
than 10 knots, or even southwest winds can
blow over the western Los Angeles Basin,
where the Los Angeles International
Airport (LAX) is located. During one such
episode in January 1989, northeast winds
at the Ontario International Airport (ONT)
gusted to 60 knots for several hours, while
“only weak northeast winds occurred at
LAX. During another episode in December
1993, northeast winds at ONT gusted to 65
knots, closing the airport, while the
strongest wind from any direction at LAX
was 7 knots during the course of the event.

Events with widespread Santa Ana winds
occur when, (in addition to strong upper-
level height gradients, a strong 700 mb
thermal gradient, and a strong offshore
surface pressure gradient to the Great
Basin), a cold front sweeps over southern
California from the north or northeast, and
the surface pressure difference ‘at SFO
exceeds that at LAX by more than.about
8 mb. Fronts of this type are usually
indicators of rapidly building high pressure

over northern and central California and

cold air advection. It is during these
episodes that the winds finally surface at
LAX and the nearby beaches and coastal
waters of Santa Monica, Marina Del Rey,
and Venice. This type of pattern occurred
during the November 14-15 1993 Santa
Ana episode, which will be presented later.
Wind gusts to 33 knots were reported-at
LAX on the 14th, still less than half the
speeds reported in the mountains, but a
matter of much concern to the residents of

Los Angeles.

b. Forecasting Techniques

NWSFO LOX uses two systems to predict
the occurrence and strength of a Santa Ana
wind. The first method, called the Santa
Ana Objective System (Sergius and
Huntoon, 1949), determines the probability
of a Santa Ana occurring 18-42 hours in
the future. The second system, called the
Fontana System (Harvey, 1959) gives an
expected wind speed for the Fontana-Chino
area (below the Cajon Pass), where some of
the strongest winds are usually found. The
Fontana System was developed using'a
wind speed indicator mounted on a
building at the Kaiser Steel Plant in
Fontana, just below the pass.
Unfortunately, the sensor is no longer in
that location so this system is used with
extreme caution.

To determine the probability of Santa Ana
winds, the first system uses the following



data. (Keep in mind that stronger gradients
usually result in higher probabilities of
Santa Ana winds):

a. The surface pressure gradient
between the Oregon coast and Los
Angeles, with higher pressure over
Oregon.  (Surface high pressure
building behind a trough.)

b. The west to east height gradient at
500 mb between northern California
and eastern Nevada, with lower
heights over the Great Basin. (Ridge
of high pressure building over the
Pacific Northwest with a trough of
low pressure moving southeast
through the Great Basin.)

¢. The 500 mb temperature gradient
between eastern Washington and
eastern Nevada with colder air over
eastern Washington. (Cold air aloft
moving into the Great Basin behind
the trough.)

To decide on the wind speed just below the
Cajon Pass, the Fontana System looks for
offshore surface pressure gradients and
700 mb thermal support. Wind speeds are
determined using the following data. (Bear
in mind that larger differences usually
indicate stronger winds):

a. The difference (in degrees Celsius)
between the 700 mb temperatures at
Desert Rock (DRA), Nevada and
Vandenberg Air Force Base (VBG),
California. (Stronger winds if the
colder air is over Nevada.)

"b. The difference (in millibars) between
the surface pressure at the Los
Angeles International Airport (LAX)
and Tonopah (TPH) Nevada,
(Stronger winds if the higher
pressure is over Nevada).

‘c. The difference (in geopotential

meters) between the 850-700 mb
thickness at VBG and the 850-700 mb
thickness at DRA.

Unfortunately, forecasted values of surface
pressure gradient and 700 mb
temperatures must be used in order to
predict wind speeds 18-42 hours in
advance.

In addition, forecasters make use of the
700 mb vertical velocity forecasts to
determine what type of synoptic-scale
subsidence can be expected.

Based on the conceptual models discussed
in section II, the forecaster should also
look for wind directions roughly within 30
degrees of perpendicular to the ridgeline
with wind speed at mountaintop level
exceeding a terrain dependent 15 to 30
knots. Also an upstream temperature
profile with an inversion or layer of strong
stability near the mountaintop is desirable.

In the next section, a remarkable
resemblance between the conceptual
models and the conditions during recent
Santa Ana wind episodes emerges.

IV. OVERVIEWS OF RECENT "DRY"
AND "WET" SANTA ANA WINDS

There were two distinct Santa Ana wind
maxima during the period between 26
October 1993 and 2 November 1993,
coinciding with the most damaging fires in
late October and early November. On 27
October, with winds gusting to over 50
knots at ONT, and 60 knots near Santa
Ana Canyon, a vicious fire raced through
the community of Laguna Hills. During
the early morning hours of 2 November
1993, with 10 consecutive hours of
sustained 30 knot winds and gusts to as
high as 45 knots at ONT, another fire




ravaged the seaside community of Malibu.
Ontario International Airport was closed
due to strong winds on 23 December 1993
when winds gusting to 65 knots raked
across the airport. Another event occurred
on 8 December 1994 when winds gusted to
40 knots at ONT, and gusts above 55 knots
occurred in the Malibu area, again. The
synoptic and mesoscale features of these
"dry" Santa Ana wind cases will be
presented. Following immediately, the
synoptic and mesoscale features

- surrounding the 14-15 November 1993
"wet" Santa Ana will be presented. Tables
1 through 5 show the winds at Ontario
International Airport associated with each
event, ‘

a. The "dry" Santa Ana Event of 26-27
October 1993 (The Laguna Hills Fire)

Figures 5a and 5b show the synoptic
condition at 1200 UTC 26 October 1993
that led to the Santa Ana event during the
‘morning of 27 October 1993. The Santa
Ana system gave a 61 percent chance of a
Santa Ana wind for the period between
0600 UTC 27 October 1993 and 0600 UTC
28 October 1993.

Figures 6a through 7b show the synoptic
conditions during the Laguna Hills Fire.
The 1200 UTC 27 October 1993 NGM
500 mb analysis showed a 500 mb low
center moving through southern Arizona
(Fig. 6a). There was a rather tight height
gradient over southern California. The
1200 UTC 27 October 1993 NGM 700 mb
analysis indicated a 6 degree temperature
gradient between VBG and DRA (Fig. 6b).
The 1200 UTC 27 October 1993 NGM
700 mb analysis and 1200 UTC 27 October
1993 NGM 850 mb analysis showed a 61
meter difference in 850-700 mb thickness
between VBG and DRA (Figs. 6b and 7a).
The 1200 UTC 27 October 1993 surface
analysis showed a low over southern
Arizona with a strong offshore (-12.2 mb)

LAX to TPH pressure gradient (Fig. 7b).
As previously mentioned, maximum winds
at ONT were 42 knots with gusts to 54
knots (Table 1). Without a strong frontal
passage or strong pressure gradient to SFO
to bring the winds to LAX, winds at LAX
remained light.

Fortunately, the availability of PCGRIDS
has allowed us to observe downslope
windstorms such as the Santa Ana in much

greater detail. The following is an analysis

of the 27 October 1993 event as seen
through PCGRIDS. The forecasts and
analysis will be presented for this case.

Figure 8a shows the 24-hour forecasted
700 mb heights, vertical velocities, and
winds valid at 1200 UTC 27 October 1993.
Figure 8b shows the 700 mb heights,
vertical velocities, and winds at 1200 UTC
27 October 1993. There is good agreement
in the wind speed over the Los Angeles
Basin. The actual vertical velocities were
weaker over the Los Angeles Basin than
forecast. Nevertheless, winds at
mountaintop levels are perpendicular to

the barrier and exceed 30 knots.

Figure 9a shows the 24-hour forecasted
850 mb heights, vertical velocities, and
winds valid at 1200 UTC 27 October 1993.
Figure 9b shows the 850 mb heights,
vertical velocities, and winds at 1200 UTC
27 October 1993. The winds were weaker
than the forecast, and vertical velocities
were weaker as well. Figure 10a shows the
24-hour forecasted surface pressure map
valid for 1200 UTC 27 October 1993, and
Fig. 10b shows the surface pressure map
valid 1200 UTC 27 October 1993. There is
good agreement on the pressure difference
along the cross section. Note the surface
pressure gradient between the plateau and
southern California. Time-height cross
sections of winds, vertical velocities, and
relative humidity at 34°N/117°W are
shown for 1200 UTC 26 October 1993 and



1200 UTC 27 October 1993 in Figs.-11a and
11Db, respectively. Notice the downward
vertical velocity maximum forecast for 1200
UTC October 27 1993. The 24-hour
forecasted winds and vertical velocities
cross section valid 1200 UTC 27 October
1993 are shown in Fig. 12, and the 1200
UTC 27 October 1993 cross section is
shown in Fig. 13. Both figures show a
maximum in vertical velocities west of the
coastal mountains from about 800 to
850 mb, with the maximum sloping upward
to the east. The 24-hour forecasted winds
and potential temperature cross section
valid 1200 UTC 27 October 1993 is shown
in Fig. 14. The 1200 UTC 27 October 1993
cross section is shown in Fig. 15. To assist
in the evaluation of stability, the 24-hour
forecasted winds and potential temperature
cross section valid 1200 UTC 27 October
1993 is shown in Fig. 16, and the 1200
UTC 27 October 1993 cross section is
shown in Fig. 17 at a higher temperature
resolution. Both show a critical layer near
mountaintop level. This critical layer is
also noted on the 1200 UTC 27 October
1993 raob from Desert Rock, Nevada,
upstream from the mountains (Fig. 18).
Also, notice the sloping of the isentropes in
Fig. 17, implying downward motion from
the plateau to the coastal areas. The Q-
vector divergence for 0000 UTC 27 October
1993 is shown in Fig. 19a. The Q-vector
divergence at 1200 UTC 27 October 1993 is
shown in Fig. 19b. Examination of other
layers revealed a similar pattern. Notice
the quasi-geostrophic downward motion
over southern California.

b. The Santa Ana event of 24 December
1993

Figure 20a shows the 700 mb heights,
vertical velocities, and winds at 0000 UTC
24 December 1993. Winds at mountaintop
levels are perpendicular to the barrier and
exceed 30 knots. Figure 20b shows the
850 mb heights, vertical velocities, and

winds at 0000 UTC 24 December 1993.
Figure 21a shows the surface pressure map
valid for 0000 UTC 24 December 1993.
The surface pressure gradient is sufficient
for a windstorm in southern California.
Time-height cross sections of winds,
vertical velocities, and relative humidity at
34°N/117°W are shown for 0000 UTC 24
December 1993 in Fig. 21b. Notice the
downward vertical velocity maximum near
850 mb, similar to the 1200 UTC 27
October 1993 case. The 0000 UTC 24
December 1993 cross section is shown in
Fig. 22. Notice the maximum in vertical
velocities west of the coastal mountains
near 850 mb, with the maximum sloping
upward to the east, also similar to the 1200
UTC 27 October 1993 case. A critical layer
is noted on the 0000 UTC 24 December
1993 raob from Desert Rock, Nevada,
upstream from the mountains (Fig. 23).
The winds and potential temperature cross
section valid 0000 UTC 24 December 1993
is shown in Fig. 24. To further assist in
the evaluation of stability, the winds and
potential temperature cross section valid
0000 UTC 24 December 1993 is again
shown in Fig. 25, but this time, at a higher
temperature resolution. Both show a
critical layer near mountaintop level. Also, -
notice the sloping of the isentropes,
implying downward motion from the
plateau to the coastal areas. Another
important feature is the appearance of
three critical levels on the cross section.
This may be a strong reason behind the
strength of this particular windstorm.

The Q-vector divergence valid 1200 UTC
23 December 1993 and 0000 UTC 24
December 1993 shows downward quasi-
geostrophic forcing moving over southern
California in Figs. 26 and 27. The winds
associated with this case at ONT are shown
in Table 2.




¢. The Santa Ana Event of 9 December
1994

Figure 28a shows the 700 mb heights,
vertical velocities, and winds at 0000 UTC
9 December 1994. Winds at mourtaintop
levels are perpendicular to the barrier, but
do not exceed 30 knots. Figure 28b shows
the 850 mb heights, vertical velocities, and
winds at 0000 UTC 9 December 1994.
Figure 29a shows the surface pressure map
valid for 0000 UTC 9 December 1994.
Note the surface pressure gradient
between the plateau and southern
California. Time-height cross sections of
winds, vertical velocities, and relative
humidity at 34°N/117°W is shown for
0000 UTC 9 December 1994 in Fig. 29b.
Notice the downward vertical velocity
maximum is near 850 mb, similar to the
1200 UTC 27 October 1993 case and 0000
UTC 24 December 1993 case. The 0000
UTC 9 December 1994 cross section is
shown in Fig. 30. Notice the maximum in
vertical velocities west of the coastal
mountains near 850 mb, with the
maximum sloping upward to the east, also
similar to the 1200 UTC 27 October 1993
and 0000 UTC 24 December 1993 cases. In
Fig. 31, a critical layer is noted on the 0000
UTC 9 December 1993 raob from Desert
Rock (DRA), Nevada. The winds and
potential temperature cross section valid
0000 UTC 9 December 1994 is shown in
Fig. 32. To further assist in the evaluation
of stability, the winds and potential
temperature cross section valid 0000 UTC
9 December 1994 is again shown in Fig. 33,
but this time at a higher temperature
resolution. Both show a critical layer near
mountaintop level. Also, notice the sloping
"of the isentropes, implying downward
motion from the plateau to the coastal
areas. In Figs. 34 and 35, the Q-vector
divergence valid 1200 UTC 8 December
1994 and 0000 UTC 9 December 1994
shows downward quasi-geostrophic forcing
moving over southern California. The

winds at ONT associated with this case are
shown in Table 3.

d. The Santa Ana Event of 2 November
1993 (The Malibu Fire)

Figure 36a shows the 700 mb heights,
vertical velocities, and winds at 1200 UTC
2 November 1993. Winds at mountaintop
levels are perpendicular to the barrier at
approximately 20 to 25 knots. Figure 36b
shows the 850 mb heights, vertical
velocities, and winds at 1200 UTC 2
November 1993. Figure 37a shows the
surface pressure map valid for 1200 UTC 2
November 1993. Note the surface pressure
gradient between the plateau and southern
California. Time-height cross sections of
winds, vertical velocities, and relative
humidity at 34°N/117°W are shown: for
1200 UTC 2 November 1993 in Fig. 37h.
The 1200 UTC 2 November 1993 cross
section is shown in Fig. 38. Notice the
maximum in vertical velocities is near:
700 mb, somewhat higher than that seen
in previous cases. There is also no slope.
The 1200 UTC 2 November 1993 raob from
Desert Rock, Nevada, upstream from the
mountains, shows the airmass becoming
more stable between about 800 mb and
600 mb in Fig. 39. The winds and potential
temperature cross section valid 1200 UTC
2 November 1993 is shown in Fig. 40. To
assist in the evaluation of stability, the
winds and potential temperature cross
section valid 1200 UTC 2 November 1993
is. again shown in Fig. 41 at a higher
temperature resolution. Both showa weak
critical layer near mountaintop level. Also,
notice the sloping of the isentropes;
implying downward motion from the
plateau to the coastal areas. The 700 mb
Q-vector divergence for 1200 UTC 2
November 1993 shows downward quasi-
geostrophic forcing over southern
California in Fig. 42, The winds associated
with this case at ONT are shown in
Table 4.



e. The '"wet" Santa Ana of 14-15
November 1993

Figures 43a and 43b show the synmoptic
condition at 1200 UTC 13 November 1993
that led to the "wet" Santa Ana event
during the mornings of 14-15 November
1993. The Santa Ana system gave an 87
percent chance of a Santa Ana wind for the
period between 0600 UTC 14 November
1993 and 0600 UTC 15 November 1993.

Figures 44a through 45b show the typical
synoptic conditions associated with a wet
Santa Ana. The 0000 UTC 15 November
1993 NGM 500 mb analysis showed a
500 mb low moving southwest from a
position over southern Nevada to a position
near the California/Mexican border
(Fig. 44a). The 0000 UTC 15 November
1993 NGM 700 mb analysis showed a
strong height gradient over the southern
California coast, in addition to a 3 degree
temperature gradient between VBG and
DRA (Fig. 44b), down from 10 degrees 12
hours earlier. The 0000 UTC 15 November
1993 NGM 700 mb analysis and 0000 UTC
15 November 1993 NGM 850 mb analysis
showed a 16 meter difference in 850-
700 mb thickness between VBG and DRA
(Figs. 44b and 45a). The 0000 UTC 15
November 1993 surface analysis showed an
offshore (-8.8) mb surface pressure
gradient from LAX to TPH that would
increase to -12.1 mb over the next three
hours (Fig. 45b). Lastly, thunderstorms
associated with the surface cold front swept
past the LAX area at about 1400 UTC with
falling dewpoints and increasing winds,
heralding its passage at LAX and the other
nearby airports. Surface pressure at SFO
“at 0000 UTC 15 November 1993 was over 7
mb higher than at LAX. Maximum winds
at ONT were 32 knots at 2000 UTC 14
November and 30 knots with gusts to 40
knots at 0400 UTC 15 November.

To get a more detailed look at this "wet"
Santa Ana, PCGRIDS will be employed.

Figure 46a shows the 24-hour forecasted
700 mb heights, vertical velocities, and
winds valid at 0000 UTC 15 November
1993. Figure 46b shows the 700 mb
heights, vertical velocities, and winds at
0000 UTC 15 November 1993. There is
good agreement in the wind speed over the
Los Angeles Basin. The position of the low
center forecast by the model was almost
exact. The winds at mountaintop levels are
between 20 and 30 knots and are
perpendicular to the barrier. Figure 47a
shows the 24-hour forecasted 850 mb
heights, vertical velocities, and winds valid
at 0000 UTC 15 November 1993. Figure
47b shows the 850 mb heights, vertical
velocities, and winds at 0000 UTC 15
November 1993. Although the low was
forecast a bit far east, the wind speeds and
vertical velocities are forecast well over the
Los Angeles Basin. Figure 48a shows the
24-hour forecasted surface pressure map
valid for 0000 UTC 15 November 1993, and
Fig. 48b shows the surface pressure map
valid 0000 UTC 15 November 1993. Both
show the surface trough over the California
coast, with high pressure over the plateau.
Note the surface pressure gradient
between southern California and northern
California, as well as between southern
California and the plateau.. Time-height
cross sections of winds, vertical velocities,
and relative humidity at 34°N/117°W are
shown for 0000 UTC 14 November 1993
and 0000 UTC 15 November 1993 in Figs.
49a and 49b, respectively. Notice that the
downward vertical velocity maximum is
higher (around 500 mb) in comparison to
the other cases. The 24-hour forecasted
winds and vertical velocities cross section
valid 0000 UTC 15 November 1993 are
shown in Fig. 50. The 0000 UTC 15
November 1993 cross section is shown in
Fig. 51. Similar to the 1200 UTC 27
October 1993 and 0000 UTC 24 December




1993 cases, the maximum vertical velocity
is west of the mountains, but centered
higher. The maximum slopes upward to
the east in both the forecast and the
analysis. The 24-hour forecasted winds and
potential temperature cross section valid
0000 UTC 15 November 1993 is shown in
Fig. 52. The 0000 UTC 15 November 1993
cross section is shown in Fig. 53. To assist
in the evaluation of stability, the 24-hour
forecasted winds and potential temperature
cross section valid 0000 UTC 15 November
1993 is shown in Fig. 54, and the 0000
UTC 15 November 1993 cross section is
shown in Fig. 55, but this time, at a higher
temperature resolution. Both the analysis
and forecasted cross sections show a critical
layer near mountaintop levels. This critical
layer is also noted on the 0000 UTC 15
November 1993 raob from Desert Rock,
'Nevada, upstream from the mountains
(Fig. 56). Also, notice the sloping of the
isentropes on the cross sections, implying
downward motion from the plateau to the
coastal areas. The winds associated with
this case at ONT are shown in Table 5.
The Q-vector divergence at 0000 UTC 15
November 1993 is shown in Fig. 57. Notice
the quasi-geostrophic downward motion
over southern California.

. Forecasting the Santa Ana Wind

Based on the conceptual models discussed
in section II, the forecaster should look for
wind directions roughly within 30 degrees
of perpendicular to the ridgeline with wind
speed at mountaintop levels exceeding a
terrain dependent 15 to 30 knots. This
condition was satisfied by all cases
evaluated.

Also based on the conceptual models, an
upstream temperature profile, with an
inversion or layer of strong stability near
the mountaintop level, is desirable (Durran
1990). The raobs from all cases discussed
showed an increase in stability, and
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‘October 1993.

sometimes an inversion, near mountaintop
level. This is also seen in the cross
sections via the packing of the isentropes.

. These features are in addition to the

surface pressure gradient, height gradient
aloft, and thermal gradient aloft discussed

.in section III-b.

There were other features that were
common among the cases. First, cases a
and b showed a maximum in downward
vertical velocity west of the mountains
near 850 mb, with a slope to the northeast.
The winds at ONT were strongest in these
two cases. It.appears that PCGRIDS did
pick up on the conditions necessary for
vertically propagating waves, as this profile
was well forecast by PCGRIDS on 27
Case c¢ showed the
maximum in the downward vertical velocity
sloping as well, but the maximum was
further northeast than in cases a and b.
Case d showed the maximum in downward
vertical velocity further east and higher in
the troposphere. Notice also that the
increase in stability at mountaintop level
was not nearly as prominent as in the cases
where the maximum in vertical velocity
was sloping. In case e, the "wet" case, -
there was some detectable slope in the
maximum in vertical velocity, but not as
prominent as in cases a, b, and ¢. Simiilar
to case d, the increase in stability at
mountaintop level was not as prominent as
in cases a, b, and c.

Throughout this discussion, we have seen
that there is rather strong subsidence over

much of southern California during Santa

Ana episodes. This can be partially
explained via lee wave theory west of the
mountains. To explain the downward
vertical velocities over the remainder of
southern California, we can use Q-vector
divergence. From the figures, it can be
seen that there is downward quasi-
geostrophic forcing over much of the area



during a Santa Ana. It is possible that the
mesoscale lee subsidence associated with
the mountain wave can "phase" with the
synoptic scale subsidence indicated by Q-
vector divergence. Therefore, the quasi-
geostrophic forcing phased with the
downslope flow of the lee wave may result
in the strong winds associated with Santa
Ana conditions.

V. COMPARISONS TO THE FALL
1980 PANORAMA FIRE

Outside of the summer thunderstorms in
the mountains and deserts, very little rain
falls in southern California between mid-
May and mid-October. This makes the
area very vulnerable to wildfires on a
yearly basis. If significant rains are
delayed until late in the fall, similar to
what has happened in 1993, the fire danger
can become extreme.

Over the combined 1991-1992 and 1992-
1993 rainy seasons, southern California
received rainfall in excess of 150 percent of
normal. In addition, there was a long
period of very dry weather before the fires.
This is very similar to the situation that
developed before the devastating Panorama
Fire of November 1980. The Panorama
Fire, pushed by very strong Santa Ana
winds below the Cajon Pass, destroyed
hundreds of homes as it burned from the
Cajon Pass to Banning Pass in San
Bernardino County. Rainfall totals for the
combined 1978-1979 and 1979-1980 seasons
were also in excess of 150 percent of
normal. As a result, there was plenty of
growth available to fuel wildfires in both
" instances.

VI. ADDITIONAL PROBLEMS

Another factor that has come into play is
the pressure to build housing in and below
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canyons as the Los Angeles metropolitan
area expands. Areas, where wildfires did
nothing more than burn excess growth in
the past, have now become the sites of
major urban fire disasters.

Other problems associated with the Santa
Ana wind is forecasting the location and
areal coverage of the strongest winds.
Occasionally, ONT reports west winds of
less than 10 knots. At the same time,
Chino Airport (CNO), approximately 5
miles to the south, reports northeast winds
20 to 30 knots. At other times, the winds
will oscillate wildly, from northeast at 40
knots to west at 20 knots. This could be
the result of return flow or a mountain
wave rotor, and can wreak havoc during
both fire-fighting and aviation operations.

VIIL. SUMMARY

The wuses of forecasting methodology
described here have resulted in some skill
in forecasting Santa Ana wind probability,
and wind speeds at Fontana, but there is
stil much work to be done. The
forecasting of wind speed maxima in other
areas of southern California must be
addressed, since the various areas of
southern California respond differently to
various synoptic and mesoscale conditions.
In order to address this issue, the creation
of forecast methodology for other areas of
southern California based on gridded data
will be the topic of continued research. A
network of profilers and strategically-
placed ASOS units would be very helpful in

" this regard. After building a database of

information on Santa Ana winds and using
the above tools, we can improve on both
lead time and forecast accuracy for these
events.
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TABLE 1. Observations taken at ONT starting at 1100 UTC 27 October
1993 and ending at 2000 UTC 27 October 1993.

27
27
27
27
27
27
27
27
27
27

ONT SA 1046 200 -SCT 20 77/8/0835G48/995/0CNL BD ALQDS
ONT SA 1146 200 -SCT 20 75/8/0742g54/993/BD ALQDS PK WND 0754/42

ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT

SA
SA
SA
SA
sA
SA
SA
SA

1250
1348
1446
1553
1651
1746
1846
1946

200
200
200
200
200
200
200
CLR

-SCT 15 75/7/0420g30/002/BD ALQDS PRESRR
-SCT 20 72/7/0720g30/003/BD ALQDS

SCT 20 72/7/0725g30/004/BD ALQDS/K SE

-SCT 20 73/8/0925g35/005/BD ALQDS :
SCT 20 77/11/0725g35/005/BD ALQDS ACSL W
SCT 20 77/12/0730g43/005/BD K ALQDS ACSL W
-SCT 20 79/13/0630g42/001/BD K ALQDS

30 80/14/0535g50/000/BD K ALQDS

TABLE 2. Observations taken at ONT starting at 1800 UTC 23 December
1993 and ending at 0700 UTC 24 December 1993.

23
23
23
23
23
23
23
24
24
24
24
24
24
24
24

ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT

SA
SA
SA
SA
SA
SA
SA
SA
SA
SA
SA
SA
SA
sSA
SA

1750
1846
1946
2046
2149
2246
237

0048
0149
0250
0346
0450
0548
0646
0746

200

-BKN 40 63/38/3115/019/ BD BN SE-SW

E200 BKN 30 63/38/0735G50/020/ BD E-SE VSBY LWR S
E150 BKN 63/38/0635G55/015/ BD S-W VSBY LWR SW -

150
150
150

SCT 20 64/37/0755G65/011/ BD SE-W VSBY LWR W
SCT 20 64/38/0650G60/012/ BD SE-SW VSBY LWR S
-SCT 20 64/36/0650G65/012/ BD SE-SW

MISSING

CLR
CLR
CLR
CLR
CLR
CLR
CLR
CLR

50 62/36/0530G50/018

35 61/33/0535G55/020/ BD S-SW
35 59/33/0640G55/026/PRESRR
50 59/32/0630G45/027

50 60/33/0630G50/027

50 59/32/0740G55/028

35 55/32/1805/037

35 56/33/1506/037

13




TABLE 3. Observations taken at ONT starting at 1000 UTC 8 December
1994 and ending at 0200 UTC 9 December 1993.

08 ONT SA 1046 CLR 15 40/36/3605/013

08 ONT SA 1158 CLR 20 40/35/3406/013

08 ONT SA 1255 CLR 40 50/29/0623/016/ WSHFT 44 BD

08 ONT SA 1346 CLR 20 54/17/0426/015

08 ONT SA 1446 CLR 30 51/18/0625G32/019

08 ONT SA 1546 CLR 55 53/16/0630G40/020/ BD ALQDS

08 ONT SA 1646 CLR 15 53/14/0725G40/020 BD ALQDS

08 ONT SA 1746 150 SCT 15 55/17/0330G40/019/ BD ALQDS
08 ONT SA 1846 250 SCT 10 58/19/0830G40/020/ BD ALQDS
08 ONT SA 1946 CLR 40 59/20/0525@35/017/ BD SW

08 ONT SA 2055 CLR 40 60/21/0625G35/017/ BD E-S

08 ONT SA 2146 CLR 30 61/22/0520G35/016/ BD E-SW

08 ONT SA 2246 CLR 20 62/32/0615G25/016/BD S

08 ONT SA 2346 CLR 40 60/21/0610/016

09 ONT SA 0046 CLR 40 57/16/0620/017

09 ONT SA 0148 CLR 40 54/13/0715/017

09 ONT SA 0250 CLR 40 50/8/0608/017

TABLE 4. Observations taken at ONT starting at 0700 UTC 2 November
1993 and ending at 0100 UTC 3 November 1993.

02 ONT SA 0647 CLR 30 75/25/0615/001

02 ONT SA 0747 CLR 40 74/28/0520G30/002

02 ONT SA 0848 CLR 40 73/20/0520G30/004

02 ONT SA 1047 CLR 40 73/17/0330G40/002

02 ONT SA 1146 CLR 40 72/17/0730G40/001

02 ONT SA 1246 CLR 40 73/14/0730G45/006

02 ONT SA 1346 CLR 50 72/11/0730G40/007/ OCNL BD

02 ONT SA 1446 CLR 50 72/12/0930G40/012/ BD NE-SW
02 ONT SA 1551 CLR 50 74/14/0730/015

02 ONT SA 1659 CLR 55 76/15/0830/013/ BD E-S
02 ONT SA 1749 CLR 55 78/17/0630G40/014/ BD

02 ONT SA 1852 CLR 55 79/17/0630G40/012/ BD

- 02 ONT SA 1946 CLR 55 81/19/0630G40/012/ BD

02 ONT SA 2049 CLR 55 81/19/0725@35/011

02 ONT SA 2146 CLR 40 83/21/0425G35/011/ BD

02 ONT SA 2246 CLR 30 82/21/0520G30/011/ BD

02 ONT SA 2346 CLR 30 82/19/0615G25/012/ K E-S

03 ONT SA 0046 CLR 30 79/17/0315/014/ BD K E-SE

AR ?&‘tll:ltlj
-t 2

= =
[
nn
t
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TABLE 5. Observations taken at ONT starting at 1200 UTC 14 November
1993 and ending at 0700 UTC 15 November 1993.

14
14
14
14

14
14
14
14
14
14
14
14
14
14
14
14
15
15
15
15
15
15
15

ONT
ONT
ONT
ONT
RWU
ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT
ONT

SA
SA
SA
SA
SE
SP
SA
SP
SA
SP
SA
SA
SA
SA
SA
SA
SA
SA
SA
SA
SA
SA
SA
SA

1146
1246
1346
1446

1521
1546
1559
1650
1720
1750
1850
1946
2056
2146
2254
2350
0046
0150
032

0347
0450
0546
0646

20
20
28
15

15
15
50
50
50
45
45
45
45
50
50
70
70
70

SCT
SCT
SCT
SCT

SCT
SCT
SCT
SCT
SCT
SCT
SCT
SCT
SCT
SCT
SCT
SCT
SCT
SCT

E60 BKN 15 51/49/0000/980
E60 BKN 15 50/48/0000/977
E60 BKN 15 50/48/0706/975/0OCNL LTGICCC S
E30 BKN 65 BKN 15 53/37/3612/976/ CIG RGD

E30 BKN 65 BKN 15 53/34/0602/976
E50 BKN 15 54/31/0618/975

15 55/36/2608/976

80 SCT 25 56/34/2715/975

80 SCT 25 59/27/0620/976

100 SCT 40 58/27/0630/978

90 SCT 40 59/26/0630/978

80 SCT 40 62/26/0632/978

80 SCT 40 62/25/0425/977

150 SCT 50 61/28/0525G35/978
100 SCT 30 60/25/0420G30/979
E150 BKN 30 60/25/0420G30/981
E110 BKN 30 59/22/0515G25/982
100 SCT 30 58/23/3208/983

MISSING

70 SCT 110 SCT 30 60/27/0330G40/985
70 SCT 110 SCT 30 56/26/0215/985

70 SCT 110 SCT 30 57/25/3510/989
110 SCT 25 62/25/0420G28/989

15
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Figure 1. Map of the Los Angeles Basin and surrounding region, redrafted from Ulrickson and Mass, 1990. Terrain

contours every 250 meters. Diagonal line indicates approximate position of crossectlon The "X" on the crossectlon
indicates the approximate position of the tlme/helght crossection.
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Figure 2. Locations of crossections and station identifiers.
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Figure 3. Topography along the crossection from 33N/118W to 36N/115WN.
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Figure 4. Behavior of shallow water flowing over an obstacle: (a) everywhere supercritical flow, (b) everywhere subcritical
flow, (c) hydraulic jump.
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Figure 8. {(a) ETA 24 hour forecast 700 mb heights {(dekameters), vertical velocities {microbars per second), and winds (knots) valid
1200 UTC 27 October 1993. Height contours (solid) every 30 meters and vertical velocity contours (dashed) every 2 microbars
per second.

(b) ETA 700 mb heights, vertical velocities,and winds at 1200 UTC 27 October 1993. Same units and contour intervals.

150 % a@\

h

>
S

) vy
VYT
ST RN

s

A S '..xl
ST TTYTYS NN
T s

1 s,

' :u: Ii -

e e e I

7

a. b.

Figure 9. (a) ETA 24 hour forecast 850 mb heights {dekameters), vertical velocities {microbars per second), and winds (knots) valid
1200 UTC 27 October 1993. Height contours are every 30 meters and vertical velocity contours are every 2 microbars per second.
{b) ETA 850 mb heights {dekameters), vertical velocities {microbars per second), and winds (knots) at 1200 UTC 27 October 1993.
Same units and contour intervals.
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Figure 10. (a) ETA 24 hour forecast Mean Sea Level Pressure {millibars) valid 1200 UTC 27 October 1993. Pressure contours every
4 millibars.
{b) ETA Mean Sea Level Pressure (miliibars) at 1200 UTC 27 October 1993. Pressure contours every 4 millibars.
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Figure 11. (a) ETA Time/Height Crossection of winds {knots), vertical velocity (microbars per second) and relative humidity (percent)
at 1200 UTC October 26 1993. Vertical velocity (dashed) every 1 microbar per second, and relative humidity (solid) every 10
percent.

(b) Same, except at 1200 UTC 27 October 1993.
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Figure 12. ETA 24 hour forecast crossection of winds (knots) and vertical velocity {microbars per second) valid 1200 uTC 27
October 1983. Vertical velocity (dashed) every 1 microbar per second. :
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Figure 13. ETA crossection of winds (knots) and vertical velocity (microbars per second) at 1200 UTC 27 October 1993. Vertical
velocity (dashed) every 1 microbar per second.
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Figure 14. ETA 24 hour forecast crossection of winds (knots) and potential temperature (degrees kelvin) valid 1200 UTC 27 October
1993. Potential temperature contours every 3 degrees kelvin.
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Figure 15. ETA crossection of winds (knots) and potential temperature {(degrees keivin) at 1200 UTC 27 October 1993. Potential
temperature contours every 3 degrees kelvin.
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Figure 16. ETA 24 hour forecast crossection of winds (knots) and potential temperature (degrees kelvin) valid 1200 UTC 27 October
1993. Potential temperature contours every 1 degree kelvin.
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Figure 17. ETA crossection of winds (knots) and potential temperature (degrees kelvin) at 1200 UTC 27 October 1993 Potential
temperature contours every 1 degree kelvin. .
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Figure 18. 1200 UTC 27 October 1993 Raob from Desert Rock (DRA) Nevada.

Figure 19. (a) 0000 UTC 27 October 1993 700 millibar Q-vector divergence. Contours every 1x107° C m?s™.
{b) 1200 UTC 27 October 1993 700 millibar Q-vector divergence. Contours every 1x10'° C m?s™.
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Figure 20. (a) ETA 700 mb heights {dekameters), vertical velocities {microbars per second), and winds (knots) valid 0000 UTC 24
December 1993. Height contours (solid) every 30 meters and vertical velocity contours (dashed) every 2 microbars per second.
{b) ETA 850 mb heights (dekameters), vertical velocities (microbars per second), and winds {(knots) valid 0000 UTC 24 December
1993. Height contours are every 30 meters and vertical velocity contours are every 2 microbars per second.

a. b.

Figure 21. (a} ETA Mean Sea Level Pressure (millibars) valid 0000 UTC 24 December 1993. Pressure contours every 4 millibars.
{b) ETA Time/Height Crossection of winds {(knots), vertical velocity {microbars per second) and relative humidity (percent) at 0000
UTC 24 December 1993. Vertical velocity (dashed) every 1 microbar per second, and retative humidity (solid) every 10 percent.
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Figure 22. ETA crossection of winds (knots) and vertical velocity {(microbars per second) valid 0000 UTC 24 December 1993.
Vertical velocity (dashed) every 1 microbar per second.
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Figure 23. 0000 UTC 24 December 1993 Raob from Desert Rock (DRA) Nevada.




150

200

Yoo

500

100

830

|ong

%L%%i%% «l K?K?Y
HNW% ATt e
RILE AT [P

e e e ;/j: £

f LT\ A Y F FlE A E

i e

e e e e

e e I ~A LR AL

T TR TR OTRE MH TG TRY MR TRI MIE D TR it il

Figure 24. ETA crossection of winds (knots) and potential temperature {(degrees kelvin) at 0000 UTC 24 December 1993. Potential
temperature contours every 3 degrees kelvin.
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Figure 25. ETA crossection of winds (knots) and potential temperature {degrees kelwn) at 0000 UTC 24 December 1993. Potential
temperature contours every 1 degree kelvin.



Figure 26. 1200 UTC 23 December 1993 700 millibar Q-vector divergence. Contours every 2x107° C m? s,

Figure 27. 0000 UTC 24 December 1993 700 millibar O-vector divergence. Contours every 1x107°C m?2s™.
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Figure 28. (a) ETA 700 mb heights (dekameters), vertical velocities (microbars per second), and winds (knots) valid 0000 UTC 9
December 1994. Height contours {solid) every 30 meters and vertical velocity contours {(dashed)} every 2 microbars per second.
{b) ETA 850 mb heights (dekameters), vertical velocities (microbars per second), and winds (knots) valid 0000 UTC 9 December
1994. Height contours are every 30 meters and vertical velocity contours are every 2 microbars per second.
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Figure 29. (a) ETA Mean Sea Level Pressure (millibars) valid 0000 UTC 9 December 1994. Pressure contours every 4 millibars.
(b) ETA Time/Height Crossection of winds (knots), vertical velocity {microbars per second) and relative humidity (percent} at 0000
UTC 9 December 1994-. Vertical velocity (dashed) every 1. microbar per second, and relative humidity (solid) every 10 percent.
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Figure 30. ETA crossection of winds (knots) and vertical velocity {microbars per second) valid 0000 UTC 9 December 1994. Vertical
velocity (dashed) every 1 microbar per second.
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Figure 31. 0000 UTC 9 December 1994 Raob from Desert Rock (DRA) Nevada.
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Figure 32. ETA crossection of winds {knots) and potential temperature (degrees kelvin) at 0000 UTC 9 December 1994. Potential
temperature contours every 3 degrees kelvin.
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Figure 33. ETA crossection of winds (knots) and potential temperature (degrees kelvin) at 0000 UTC 9 December 1994. Potential
temperature contours every 1 degree kelvin.



Figure 34. 1200 UTC 8 December 1994 700 millibar Q-vector divergence. Contours every 1x107°C m?Zs™.

Figure 35. 0000 UTC 9 December 1994 700 millibar Q-vector divergence. Contours every 1x10"° C m? 5™,
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Figure 36. {(a) ETA 700 mb heights {dekameters), vertical velocities (microbars per second), and winds (knots) at 1200 UTC 2
November 1993. Height contours (solid} every 30 meters and vertical velocity contours (dashed) every 2 microbars per second.
(b} ETA 850 mb heights (dekameters), vertical velocities {microbars per second), and winds (knots) at 1200 UTC 2 November 1993.
Height contours are every 30 meters and vertical velocity contours are every 2 microbars per second.
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Figure 37. (a) ETA Mean Sea Level Pressure (millibars) at 1200 UTC 2 November 1993. Pressure contours every 4 millibars.
(b) ETA Time/Height Crossection of winds (knots), vertical velocity (microbars per second) and relative humidity (percent) at 1200
UTC 2 November 1993. Vertical velocity (dashed) every 1 microbar per second, and relative humidity (solid) every 10 percent.
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Figure 38. ETA crossection of winds {(knots) and vertical velocity {(microbars per second) at 1200 UTC 2 November 1993. Vertical

velocity {(dashed) every 1 microbar per second.
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Figure 39. 1200 UTC 2 November 1993 Raob from Desert Rock (DRA) Nevada.
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Figure 40, ETA crossection of winds (knots) and potential temperature (degrees kelvin) at 1200 UTC 2 November 1993, Potential
temperature contours every 3 degrees kelvin.
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Figure 41. ETA crossection of winds (knots) and potential temperature (degrees kelvin) at 1200 UTC 2 November 1993. Potential
temperature contours every:1 degree kelvin.
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Figure 42. 1200 UTC 2 November 1993 700 millibar Q-vector divergence. Contours every 5x10"° Cc m?s”.







Figure 45a.

0000 UTC 15 November 1993
850mb analysis
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Figure 45b.
0000 UTC 15 November 1993
NMC surface analysis




a. b.

Figure 46. (a) ETA 24 hour forecast 700 mb heights (dekameters), vertical velocities (microbars per second), and winds (knots) valid
0000 UTC 15 November 1993. Height contours (solid) every 30 meters and vertical velocity contours (dashed) every 2 microbars

per second.
(b) ETA 700 mb heights, vertical velocities,and winds at 0000 UTC 15 November 1993. Same units and contour intervals.

s
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Figure 47. (a) ETA 24 hour forecast 850 mb heights (dekameters), vertical velocities {(microbars per second), and winds (knots) valid
0000 UTC 15 November 1993. Height contours are every 30 meters and vertical velocity contours are every 2 microbars per

second.
{b) ETA 850 mb heights {dekameters), vertical velocities (microbars per second), and winds (knots) at 0000 UTC 15 November

1993. Same units and contour intervals.
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Figure 48. (a) ETA 24 hour forecast Mean Sea Level Pressure (millibars) valid 0000 UTC 15 November 1993. Pressure contours
every 4 millibars.
(b} ETA Mean Sea Level Pressure (millibars) at 0000 UTC 15 November 1993. Pressure contours every 4 millibars.
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Figure 49. (a) ETA Time/Height Crossection of winds (knots), vertical velocity (microbars per second) and relative humidity (percent)
at 0000 UTC 14 November 1993. Vertical velocity (dashed) every 1 microbar per second, and relative humidity (solid) every 10
percent. .

(b) Same, except at 0000 UTC 15 November 1993.
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Figure 50, ETA 24 hour forecast crossection of winds (knots) and vertical velocity (microbars per second) valid OOOO UTC 15
November 1993. Vertical velocity (dashed) every 1 microbar per second.
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Figure 51. ETA crossection of winds (knots) and vertical velocity {(microbars per second) at 0000 UTC 15 November 1993. Vertical
velocity {(dashed) every 1 microbar per second.
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Figure 52. ETA 24 hour forecast crossection of winds (knots) and potential temperature {degrees kelvin) valid 0000 UTC 15
November 1993. Potential temperature contours every 3 degrees kelvin.

NSRRI KRS KX
R===c====——>+r )

3aoo

4Oo

.-f
/_ | 30k 03 R A W e
Eﬁ el = ’:“f};

500
T 297 251 W
7 - — 2ay

80 < AN e Ry ——
— = — 291 1

wso { 7|7 4 //“/“/\/‘\/h/%—’\\/aa\\/\\"\\/\\/w

L1~ e ~ B
1000 7 V4 L1 A A D NSV S

T T TR TRE TTE T TR TR TR TR TR TRd TTER PR T TVER B

Figure 53. ETA crossection of winds (knots) and potential temperature (degrees kelvin) at 0000 UTC 15 November 1993. Potential
temperature contours every 3 degrees kelvin.
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Figure 54, ETA 24 hour forecast crossection of winds {knots) and potential temperature (degrees kelvin) valid 0000 UTC 15
November 1993. Potential temperature contours every 1 degree kelvin. .
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Figure 55. ETA crossection of winds (knots) and potential temperature (degrees kelvin) at 0000 UTC 15 Novernber 1993 Potential
temperature contours every 1 degree kelvin.
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Figure 56. 0000 UTC 15 November 1993 Raob from Desert Rock (DRA) Nevada.

Figure 57. 0000 UTC 15 November 1993 700 millibar Q-vector divergence. Contours every 1x107° C m? s™.
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