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ABSTRACT
An anomalous lightning event occurred on 20–21 June 2008 in central and northern California. Most of the
thunderstorms produced frequent lightning with little precipitation, resulting in over 1500 new fires. Many of
these fires became large, and massive firefighting efforts continued through August in order to contain all the
fires. This event was not well forecast, with only isolated lightning strikes expected. Several computer model
forecast parameters pointed toward the impending lightning outbreak, including satellite and lightning observations, as well as model data from 19 June. An existing procedure to forecast dry thunderstorms showed
the strong possibility of a thunderstorm outbreak over California. This procedure proved to be helpful, but
has been modified to better handle moisture advection and low-level forcing, which provides a more comprehensive framework for forecasting potential dry thunderstorm outbreaks.

1. Introduction
Forecasting ‘‘dry’’ thunderstorms, traditionally those
storms that produce less than 2.5 mm or 0.1 in. of rainfall,
for the western United States has long been a problem.
Dry thunderstorms are responsible for starting thousands
of wildland fires every year. In the largest lightning outbreaks, hundreds of new fires may be started in a 24–36-h
period. These extreme events put a huge strain on local
initial fire suppression efforts (‘‘initial attack’’), and many
fires often go unstaffed due to the lack of available fire
personnel. Forecasting these events in advance, even just
24–48 h, would significantly help fire agencies preposition
firefighting resources in anticipation of a large outbreak.
Fires are much more likely to be controlled during the
early stages and, therefore, would cost much less to fight.
Although isolated thunderstorms were forecast over
portions of northern California as much as 60 h in advance, the severity of the 21–22 June 2008 California
lightning outbreak was not well forecast. In fact, no fire
weather watches or red flag warnings were issued for the
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area until copious amounts of lightning were already
observed. By late evening on 21 June, over 1500 new
lightning-caused fires were started, eventually resulting
in numerous large fire complexes (Fig. 1), where several
large fires are grouped together by proximity and jurisdiction.
Due to the enormous scale of this event, several hundred fires remained unstaffed on the morning of 22 June
2008. Large numbers of firefighting resources from across
the United States were sent to California as a result of this
outbreak and remained committed well into August,
which put a huge strain on the national firefighting system.
As large as this event was, it could have been larger as
a significant amount of lightning also occurred in Oregon.
However, the level of vegetation moisture was considerably higher over much of Oregon compared to California
and no large fires were recorded as a result of this event.
Therefore, much of this paper will be devoted toward
California where the impacts were greatest.
Recent years have seen a greater emphasis on research to effectively forecast dry thunderstorms. Rorig
and Ferguson (1999) investigated the thermodynamic
parameters involved with dry lightning outbreaks and
the probability that thunderstorms will be dry. In addition, more recent research has investigated not only
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FIG. 1. Map of active fires on the morning of 23 Jun 2008. (Courtesy of the California Office of Emergency Services.)

the thermodynamic parameters required for instability,
but also the low-level environment conducive for evaporating much of the rainfall before it reaches the ground
(Rorig et al. 2003, 2007). Finally, the development of
experimental probabilistic lightning products (Bothwell
2005, 2008) adds another objective tool used in forecasting dry thunderstorms.
Despite the advancement of objective forecast tools
for forecasting dry thunderstorms in recent years, large
events such as the June 2008 California outbreak continue to be missed or poorly forecast. It is therefore
imperative to develop a forecast framework for dry
thunderstorms that will aid forecasters and provide a
subjective complement to the objective tools. Wallmann
(2004, hereafter WA04) presented one such procedure
where the potential vorticity and upper-level lapse rates

were associated with thunderstorm outbreaks in the
western United States. (Table 1 lists all the acronyms
used in the text in order of their appearance.) The highlevel total totals index (HLTT) developed by Milne (2004,
hereafter MI04) was also used in the WA04 procedure
to address the mid- to upper-level instability. In this study,
a hybrid forecasting tool combining the WA04 and MI04
procedures will be used to investigate the 21–22 June
lightning outbreak.
While the WA04 procedure was available at the time of
the 21 June 2008 outbreak, it saw very limited us among
western United States National Weather Service Forecast Offices (M. Burger and R. Walbrun 2010, personal
communication), partly because WA04 focused on the
Great Basin. Part of the motivation of this study is to
bring this procedure to a wider audience as it could have
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TABLE 1. List of acronyms used in the text and their meanings.
Acronym or index
SPC
WA04
HLTT
MI04
GFS
NAM-WRF

DLP
ue
ULR
NLDN
MUCAPE
SP
DLP2
MSF
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Definition
Storm Prediction Center
Wallmann (2004)
High-level total totals
Milne (2004)
Global Forecast System
North American Mesoscale version of
the Weather Research and Forecasting
model
Wallmann (2004) dry lightning procedure
Equivalent potential temperature
500–300-hPa lapse rate
National Lightning Detection Network
Most unstable CAPE
Saturation point
Dry lightning procedure, second iteration
Moisture stability flux

helped forecasters anticipate the outbreak. In addition,
part of the WA04 procedure did not strongly indicate an
outbreak, suggesting the procedure has some limitations.
Section 2 briefly describes the methodology used to
diagnose this case including model choice and a description of the indices used. Section 3 presents the 21 June
2008 case study along with a discussion of the WA04 procedure centered on the case study, followed by a summary
and conclusions in section 4.

2. Methods
a. Model choice
A case study of the 21 June 2008 lightning outbreak is
presented to demonstrate a procedure that could be
used to forecast dry thunderstorm events in the western
United States. The 1200 UTC 19 June 2008 Global
Forecast System (GFS) results will be utilized to show
the event could have been better forecast beyond 24–
36 h in advance by employing the WA04 procedure. The
GFS initialized at that time is chosen as it was used
by western U.S. National Weather Service fire weather
forecasters during the previous day shift, and represents
a lead time of at least 24 h prior to the first observed
lightning strikes in northwest California. The 1200 UTC
19 June GFS simulation also handled well the large-scale
features present in this case through the first 60 h of the
forecast, which coincides with the period of interest.
Another motivation for using the GFS is to show its
usefulness in forecasting the general locations of important features relevant to the lightning outbreak two
or more days in advance. The GFS is used in this case
because it is run later than the North American Mesoscale version of the Weather Research and Forecasting Model (NAM-WRF), so the assimilation scheme has

more observations that are not available for the NAMWRF, such as late upper-air observations (NCEP 2010).
Generally speaking, this should result in a better synopticscale forecast beyond 48–72 h and give forecasters more
time when anticipating a significant lightning outbreak.
As the event nears, the GFS can be used in conjunction
with the NAM-WRF and any locally available mesoscale
model to narrow down the areas to be impacted.

b. Description of indices
The dry lightning procedure (DLP) described by
WA04 will be used along with the HLTT index from
MI04 to show that the applicable GFS model forecast
parameters for the event were forecast well. The model
data will be coupled with the relevant satellite, radar,
and lightning data to illustrate the usefulness of these
tools in predicting an extreme event.
WA04 used the dry lightning outbreak over Nevada on
12 August 2001 to introduce the procedure. This Nevada
outbreak resulted in over 6000 cloud-to-ground lightning
strikes and 15 new large fires greater than 300 acres,
(National Interagency Coordination Center 2001). Similar to the 21 June 2008 case, it began overnight around
0900 UTC, normally a time of a diurnal minimum in
thunderstorms, and continued into the afternoon.
WA04 suggested the use of the dynamic tropopause
[a 1.5-potential-vorticity-unit (PVU) surface in this paper] as a way of seeing weak short-wave troughs. Due to
lower static stability in summer, short waves may appear
deceptively weak on traditional 500-hPa height and
vorticity charts. These weaker short waves can be more
easily seen at the tropopause level as an upper-level
front. The area of lift ahead of upper-level fronts is often
found downstream of the strongest positive pressure
advection. More detailed descriptions of the dynamic
tropopause and its utilization to forecast warm season
convection can be found in Hirschberg and Fritsch
(1991) and WA04, respectively. At 0600 UTC 12 August
2001, an upper-level front is located over central Nevada
with the main short wave and strongest positive pressure
advection along the northern California coast and
moving northeast (Fig. 2a). The area of strongest forcing
is located over Nevada due to the approaching short
wave and associated positive pressure advection along
the dynamic tropopause (shading in Fig. 2a).
In addition to the dynamic tropopause, WA04 discussed utilizing jet streaks to decipher areas of stronger
forcing where the ageostrophic circulations from any jet
streaks may be superimposed on the larger-scale forcing
from the tropopause undulation. Areas of preferred
ageostrophic lift in either the left-exit region or rightentrance region of a jet streak are to be analyzed, with
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FIG. 2. Rapid Update Cycle (RUC) analyses at 0600 UTC 12 Aug 2001 (taken from From WA04): (a) tropopause
pressure (hPa) and wind (full barb, 10 kt), and the shaded region indicates the area of lift based on positive pressure
advection; (b) 250-hPa wind speed (m s21) (X and Y refer to jet streaks referenced in the text); (c) 850–700-hPa-layer
ue (K); and (d) HLTT (dashed every 28C) and 500–300-hPa-layer lapse rates (solid every 0.58C km21; values greater
than 7.58C km21 shaded).

curvature of the jet streak also important (Moore and
Vanknowe 1992). At 0600 UTC 12 August there are two
jet streaks present: one (jet X; see Fig. 2b) is visible over
southeast Idaho into Wyoming and a second (jet Y) runs
southwest to northeast over the southern California
coast, both with maximum speeds in excess of 25 m s21
(50 kt). The strongest lift associated with the ageostrophic jet streak circulations was within the rightentrance region of jet X over northeast Nevada and
the left-exit region of jet Y over northwest Nevada,
coincident with the lift from the dynamic tropopause in
Fig. 2a.
The 850–700-hPa layer equivalent potential temperature (ue) at 0600 UTC 12 August is shown in Fig. 2c.
The 850–700-hPa ue is used to locate a low-level front

and associated area of forcing in place of explicit lowlevel frontogenesis. The moisture gradient is often more
substantial than the temperature gradient along a cold
front in the western United States in summer. The gradient itself may act frontogenetically if winds are confluent or convergent, as described in WA04. WA04 also
describes the strong gradient over Nevada as being potentially frontogenetical and supplying the low-level
forcing in response to the upper-level positive pressure
advection on the dynamic tropopause. As useful as ue in
the 850–700-hPa layer can be, there are some important
limitations that are addressed later.
The last portion of the WA04 procedure focuses on
instability. While WA04 investigated three different
parameters for instability, the one found to be of most
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FIG. 3. (a) Visible satellite image at 0216 UTC 20 Jun 2008. (b) Infrared satellite image from 0600 UTC 20 Jun 2008
and previous 1-h observed lightning.

value in the case investigated was the 500–300-hPa lapse
rates (upper-level lapse rates, ULR). The 500–300-hPa
layer is used, as many thunderstorms in the Intermountain West can have cloud bases above 600 hPa.
Thunderstorm bases this high make the 700–500-hPa
layer much less useful, as part of the 700–500-hPa layer is
below the cloud base and part of the deep afternoon
mixed layer in the Intermountain West. Values of greater
than 7.58C km21 are considered to be sufficiently unstable to support dry thunderstorms based on operational
experience with adequate low- or midlevel moisture
while values greater than 88C km21 are considered to be
very unstable. Values greater than 7.58C km21 are seen
over the northwestern half of Nevada in Fig. 2d, with
values near the Oregon border greater than 88C km21. It
was in this area that nocturnal thunderstorms in the 2001
Nevada outbreak began (see WA04 for details).
WA04 also looked at the HLTT index developed by
MI04. MI04 modified the total totals index developed by
Miller (1972) for use in the Intermountain West by using
the 700-hPa level instead of the 850-hPa level to account
for the higher surface elevations. The equation for
computing the HLTT is
700T 1 700T d 1 (500T 3 2) 5 HLTT.
The main use of the HLTT is to differentiate between areas of thunderstorms and areas of few if any
thunderstorms. MI04 showed numerous examples of
using HLTT values greater than 308C as the thunderstorm threshold in the elevated terrain of the western
United States. Returning to Fig. 2d, outside of the eastern

half of Nevada in the 2001 case, values of HLTT were
less than 308C, even as low as 228C in northwest Nevada
(Fig. 2d). WA04 postulated that the main reason for
such low values of HLTT was the result of the moist
layer needed for thunderstorms in August 2001 residing
above 600 hPa, well above the moisture level used by
HLTT at 700 hPa (MI04). As a result, HLTT by itself
may not be the most robust measure of instability for
dry thunderstorms and a more generalized index of instability may better show the elevated instability. Most
unstable CAPE (MUCAPE) may be better suited to
show the instability necessary for thunderstorms and is
addressed in section 3d. WA04 did mention that HLTT
above 308C combined with 500–300-hPa lapse rates
greater than 7.58C km21 would indicate a very high
probability of thunderstorms.

3. Results using the DLP
a. Initial clues: Offshore lightning, 19 June 2008
One important aspect of the 21 June 2008 outbreak
was the presence of thunderstorms off the California
coast approximately 24 h before the event occurred
(Fig. 3). Note the texture of the clouds off the California
coast in the visible image, indicative of convective development (Fig. 3a) with the few cloud-to-ground strikes
(Fig. 3b). Cloud-to-ground lightning data were obtained
through the National Lightning Detection Network
(NLDN).The GFS at 0600 UTC 20 August depicted well
the moisture advection and subsequent convection off
the California coast (Fig. 4). A notable short wave was
apparent at the tropopause level off the California coast,
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FIG. 4. GFS 18-h forecast for 0600 UTC 20 Jun 2008: (a) 1.5-PVU pressure (hPa) and pressure advection v
(0.1 Pa s21, shaded: .0, light; .2, moderate; and .5, dark), (b) 250-hPa wind speed (kt), (c) 850–700-hPa ue
(K, .320 K shaded light, .324 K shaded dark), (d) HLTT (8C, shaded; .258C shaded light, .308C shaded moderately, and .328C shaded dark) and 500–300-hPa-layer lapse rate (8C km21). Here, X refers to the area of interest.

with positive pressure advection indicating weak synopticscale lift occurring to the east of the short wave (Fig. 4a).
Ageostrophic circulations from the right-entrance region of a collocated jet streak are likely to further enhance lift within the area of positive pressure advection
from the short wave. Large areas of near or greater than
7.58C km21 upper-level lapse rates occur in the area of
lift to the east of the wave, with the HLTT greater than
308C indicating the presence of midlevel moisture and
instability (MI04). Values greater than 308C, and as high
as 348C, are present to the west of the Channel Islands
off the southern California coast, with upper-level lapse
rates of 7.5–88C km21 juxtaposed with the right-entrance
region of the jet streak. Finally, high values of ue (greater
than 325 K) were present off the coast as well as in the
vicinity of instability depicted by the HLTT. The high

values were a result of moisture advection and not
warming temperatures (not shown). Based on the WA04
DLP, high-based thunderstorms were likely in this area
and did occur for several hours from 0000 to 1200 UTC
20 August.
The presence of high-based thunderstorms off the
West Coast, while rare, cannot be ignored. It is especially important when there is no visible connection
to moisture associated with the Mexican monsoon that
typically occurs in July and August. Often, the instability and/or lift are extreme in order to trigger thunderstorms in such a stable low-level marine environment.
To underline the importance of such an occurrence,
WA04 also noted the presence of thunderstorms
off the California coast before the 2001 Nevada outbreak.
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FIG. 5. As in Fig. 4, but for the 42-h forecast valid at 0600 UTC 21 Jun 2008 with cloud-to-ground lightning strikes for
0000–1200 UTC included in (b). Points T, SW, J, WJ, G, and U are referenced in the text.

b. Hindcast of the outbreak
As seen in Figs. 5 and 6, during the 24-h period over
5000 strikes were observed; the strikes were most numerous from 1200 UTC 21 June to 0000 UTC 22 June. It
is also important to note that the amount of lightning
increased for each 6-h period, which indicated the
thunderstorms were not dependent on surface heating.
Beginning at a valid time of 0000 UTC 21 August,
the 36-h GFS forecast suggested a potential nocturnal
lightning event (not shown). While forcing was weak,
instability and moisture were increasing significantly. A
large area of HLTT greater than 308C was off the
northern California coast at 0000 UTC 21 August, with
ULR greater than 7.58C km21 juxtaposed with the
southern third of the area. A notable ue maximum of
greater than 325 K was also off the coast with a gradient

(G) on the northwest side. It was at this time that the
instability parameters were converging, suggesting a
possible convective outbreak. Indeed, lightning began
just before 0000 UTC 21 August over the northwest
California coast and continued for the next six hours.
At 0600 21 August, a trough (T) was moving closer to
the coast (Fig. 5), but was still offshore, while a small
short wave (SW) off the California coast was forecast to
reach San Francisco Bay. A strong jet (J) on the east side
of the trough’s weak initial jet streak was also off the
coast with forcing from the direct transverse ageostrophic circulation likely still offshore. The cyclonic
curvature of J also suggests weak forcing in the rightentrance region of the jet resulting in stronger vertical
motions on the cold side of the jet streak with much
weaker vertical motions on the warm side of the jet
(Moore and Vanknowe 1992).
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FIG. 6. As in Fig. 4, but for the 48-h forecast valid at 1200 UTC 21 Jun 2008 with cloud-to-ground lightning strikes for
1200–1800 UTC included in (b).

Values of greater than 308C HLTT were forecast over
much of northwest California at this time, with a maximum of 358C over the Coastal Range of northern California and into southern Oregon (U). Values dropped
only slightly below 308C southward along the coast. The
ULRs were also forecast to increase over northern
California, with values between 7.58 and 88C km21, very
favorable for convection. The ue forecast for 0600 UTC
21 August was also quite high, as values increased to
over 320 K across California with a ridge along the coast
and a strong gradient (G) off the coast.
Based on the WA04 DLP, convection was possible
across southwest Oregon southward along the coast toward the Monterey Bay vicinity, based on the instability
parameters alone. In addition, a strong gradient and
ridge in ue are juxtaposed with the instability present.
While upper-level forcing is likely weak, the ue chart

does imply some possible low-level forcing as temperature and/or moisture are being advected northward.
Thus, the WA04 DLP suggests the potential for convection despite the weak forcing from the upper levels.
It is also possible that the ue gradient may be a representation of a low-level cold front with the circulation
along the front one possible mechanism for convective
initiation. In fact, convection increased in the following
6-h period through 1200 UTC 21 August with thunderstorms observed from northwest California into southcentral Oregon. Nearly three-quarters of the lightning
shown in Fig. 5b occurred in the 0600–1200 UTC time
frame.
At 1200 UTC 21 August (Fig. 6), positive pressure
advection on the tropopause associated with T was seen
along and west of the Oregon and northern California
coasts. SW would move into central California with a
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distinct area of positive pressure advection moving over
the northern part of the state. In addition, J would be
just off the coast, and the right-entrance region was beginning to move over northern California with less cyclonic curvature.
It is important to note here that the GFS is showing
the mesoscale short wave over California. This feature
was indicated in the satellite imagery (not shown), but
the GFS, with its relatively coarse resolution, may not
reliably pick up on features of this size. This hindcast is
able to indicate its importance with the aid of hindsight,
but in real time a feature such as this should be compared to higher-resolution models, which should more
reliably depict these smaller-scale features. The NAMWRF also indicated this small short wave at this time
(not shown).
By 1200 UTC 21 August, the HLTT exceeding 308C
moved into extreme northern California and Oregon
with values of 258–308C over the rest of California (U).
ULRs were still forecast to be 7.58–88C km21 across
much of California, which suggested enough instability
persisted to support convection with sufficient available
moisture. A strong ue gradient remained and progressed
east onto the coast of northwest California, with the ue
ridge to the east over much of California into central
Oregon. Overall, with values of HLTT becoming only
marginal, it is possible that forecaster confidence in
thunderstorms developing using the WA04 DLP would
not be high. Despite this, the DLP still suggests convection due to the weak SW riding along the low-level ue
gradient along with a conditionally unstable upper troposphere with high ULR. Slightly below optimal 308C
HLTT values over most of northern California do suggest that convection may not be widespread.
Lightning between 1200 and 1800 UTC 21 August
increased significantly over northwest California and
extended into western Oregon. It should be noted that
WA04 did mention that HLTT values as low as 228C
have been observed in past lightning outbreaks, particularly over Nevada in 2001, as the moist layer critical to
convection resides above 700 hPa. Not only should this
be considered, but vertical displacement of the moist
layer by the model(s) used may also account for the low
values. In fact, the GFS did underforecast the HLTT
over northern California in this case, as indicated by a
comparison of the GFS forecast sounding to the 1200 UTC
21 June sounding observed at Oakland, California (Fig. 7).
Where the GFS forecast a HLTT near 258C, the value
computed from the Oakland sounding was 348C. The
saturation point (SP) of the GFS-predicted elevated
most-unstable layer at ;600 hPa is warmer but also considerably drier than the SP of the most-unstable layer
at ;650 hPa. Combined with this unfavorable forecasted
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FIG. 7. GFS 48-h forecast sounding valid at 1200 UTC 21 Aug
(solid) for Oakland, and the Oakland-observed sounding for
1200 UTC 21 Aug (dashed).

SP, a second GFS error source (namely the capping
layer above 550 hPa) appears to remove much of the
elevated CAPE, which would indeed appear to explain
why the HLTT values are so small where they ought to
have been large. As a result, the GFS underforecast the
instability for Oakland and forecasters may have focused on the greater instability farther north.
At 1800 UTC 21 August (Fig. 8), T was expected to
continue its trek toward the coast, with the greatest
pressure advection just off the coast. It is likely that the
large-scale forcing from the short wave was occurring
over a larger area ahead of the greatest pressure advection, as the upper-level positive thermal advection
most responsible for lift ahead of an upper-level short
wave can be farther downstream (Hirschberg and
Fritsch 1991). The lift as a result of the thermal advection aloft would be broad and would likely provide
rather weak lifting destabilization of the elevated unstable layer. The upper jet J was also nearing the coast
with the right-entrance region now in a more favorable
area for northern California.
By 1800 UTC 21 August, the instability forecast from
the DLP gave mixed signals. Over much of California,
the HLTT was forecast to be near 258C and below, except near the Nevada border. The HLTT did show
two secondary maxima just off the coast at 1800 UTC
21 August, where values were again over the favorable
308C threshold. In contrast, ULRs were still forecast to
be 7.58–88C km21 over much of the state. The ue ridge
was also forecast to move east into the Sierra Nevada by
1800 UTC 21 August, but G was forecast to be over
central California.

Unauthenticated | Downloaded 01/09/23 08:59 AM UTC

1456

WEATHER AND FORECASTING

VOLUME 25

FIG. 8. As in Fig. 4, but for the 54-h forecast valid at 1800 UTC 21 Jun 2008 with cloud-to-ground lightning strikes for
1800 UTC 21 Jun–0000 UTC 22 Jun 2008 included in (b).

The ULR and 850–700-hPa ue of the DLP continued
to show the potential for thunderstorms over much of
northern California, but the HLTT minimum was not
favorable. Although suggesting a limitation of the DLP,
it is important to note that this could also be due to errors in the model solution seen in Fig. 7. Here, the DLP
does suggest that storms are still possible across northern
California into Oregon despite the low values of HLTT,
although Oregon looks much more likely to develop
thunderstorms. The lightning for the ensuing 6-h period
does show that thunderstorms developed from central
California north into central and eastern Oregon. One
way to help account for the limitation in the DLP and the
model forecast is discussed in the next section.

c. Discussion of the DLP: Strengths and weaknesses
Overall, the DLP suggested the likelihood of an elevated lightning outbreak on 20–21 June. The HLTT values

were above 308C from 0000 to 1200 UTC 21 August
across a portion of northern California along with steep
ULRs over northern California during the entire time
the outbreak occurred. The instability hinted at by the
DLP is illustrated in Fig. 9, where a parcel at the 725-hPa
level was lifted from the 42-h GFS forecast over the
Trinity Alps of northwest California. The parcel had low
values of convective inhibition and almost 500 J kg21 of
CAPE. In addition, the DLP shows a strong upper-level
forcing mechanism moving toward the coast on the afternoon of 21 June, and the gradients of ue suggest a front
or other possible low-level forcing mechanism. While the
DLP as a whole does suggest the potential for a dry
thunderstorm outbreak, it is the combination of parameters that sets the stage for convective development. In
other words, if the HLTT values are too small, is this
merely because the moisture required for convection is
residing at a slightly higher altitude?
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FIG. 9. GFS40 forecast sounding for 0600 UTC 21 Jun 2008 for a point 100 km ESE of Arcata,
CA. Parcel parameters at right are based on a parcel lifted from 725 hPa with the dotted line
indicating the trajectory up to the equilibrium level.

WA04 describes this weakness of the HLTT index, as
it did not adequately represent the instability over much
of Nevada during the 2001 dry lightning outbreak. In
fact, much of the moisture from the GFS forecast beginning at 1200 UTC 21 August and beyond resided
above 700 hPa over California (Fig. 10), with the 700-hPa
moisture into Oregon by 1200 UTC 21 August. This
would result in lower HLTTs, but would not be indicative of the instability, as plenty of moisture was apparent
at 600 hPa. Also, as mentioned above, any possible errors in the model forecast near the 700-hPa level would
be critical, as they could play a significant role in reducing the HLTT values, as illustrated by the 1200 UTC
21 August Oakland sounding versus the GFS forecast
(Fig. 7). WA04 uses ULR to help compensate for the
weakness of the HLTT, but ULR does not account for
moisture.
WA04 relies on an inferred area of frontogenesis in
the vicinity of the 850–700-hPa ue gradient as a possible
low-level forcing mechanism that will provide enough
lift for convective initiation. The ue gradient may be the
result of a low-level thermal or moisture gradient that
could act frontogenetically. Without overlaying the
wind field within that layer, there may be cases where
frontolysis is occurring, yielding reversed ageostrophic
transverse circulations. In this case, it is surmised that
convective initiation occurred as a result of two processes. One is the low-level flow being forced over the
mountains of northwest California into the conditionally
unstable air above, likely the main process during the
overnight period, as storms were more isolated. By
1200–1800 UTC, a second process, working in conjunction with the first, would be the advance of the low-level
cold front (not shown), resulting in more widespread

convection. The increase in the strength of the ue gradient from Fig. 5d to Fig. 8d seems to indicate the front
advancing, but this increase could also be the result of
increased moisture advection.
The DLP does not directly account for the effects of
storm motion nor the depth and dryness of the subcloud
layer, which are critical for dry thunderstorm forecasting. A deeper, drier subcloud layer will result in less
rain. Second, a nearly stationary thunderstorm in a lowshear environment will be much more likely to moisten
the subcloud layer through evaporation and allow more

FIG. 10. GFS forecasts of 700-hPa RH (contours every 10%) and
600-hPa RH (greater than 70%, shaded light; greater than 85%,
shaded dark) valid at (a) 0000 and (b) 1200 UTC 21 Jun 2008.
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FIG. 11. The 700-hPa full-wind frontogenesis (shaded, positive values only, darker colors indicate larger values),
the 750–650-hPa-layer averaged F vector parallel to the temperature gradient (Fn vector), and the 750–650-hPa-layer
averaged Fn-vector divergence (dash lines, negative values only). (a) The GFS 42-h forecast valid at 0600 UTC 21 Jun
2008, and (b) the GFS 54-h forecast valid at 1800 UTC 21 Jun 2008.

rain to reach the ground. Provided that the thunderstorms are not short lived (e.g., less than 30 min), stationary storms in low-shear environments are more
likely to produce wetting rains. However, a storm that is
moving, especially one that is fast moving (greater than
30 kt) in a high-shear environment, will likely not have
time to modify/moisten the subcloud environment,
resulting in less rainfall reaching the ground.

d. Supplements to address the forcing and midlevel
moisture weaknesses of the WA04 framework
New parameters were added to the DLP to address the
deficiencies (the new procedure will be referred to as

DLP2). First, with midlevel moisture already accounted
for by using the HLTT, moisture higher up in the troposphere must be used to gain a complete picture. As Figs. 5,
6, 8, and 10 show, moisture was present at either the 700or 600-hPa levels for the duration of the event. However,
there are cases where the 700-hPa level may be too low for
the initial thunderstorms, as was the case in the August
2001 Nevada outbreak (WA04). It is still important to
note that relying on one layer for moisture may not capture the moisture responsible for thunderstorms during
the event. To better account for the potential instability
that may result from a high moisture content above (or
even below) 700 hPa, MUCAPE is added to the DLP2.

FIG. 12. GFS forecasts of 310-K pressure (hPa), wind (full barb, 5 m s21), and RH (.70%, shaded; .85%, dark
shading) valid for (a) 42 h at 0600 UTC 21 Jun and (b) 48 h at 1200 UTC 21 Jun 2008.
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FIG. 13. GFS forecast of 310-K MSF (contour every 0.4 hPa m K21 s21) and isentropic pressure advection v (shaded
every 0.2 Pa s21) for (a) 42 h at 0600 UTC 21 Jun and (b) 1200 UTC 21 Jun 2008.

To include low-level forcing explicitly, one method
would be to introduce the low-level two-dimensional
frontogenesis, which is shown at two different times in
Fig. 11. Frontogenesis can be seen at 0600 UTC 21 August
off the coast of northwest California, with weak Fn vector
convergence over the coast ranges of northern California
and western Oregon and immediately offshore corresponding to upward vertical motions associated with
frontogenesis (Evans and Jurewicz 2009). A similar band
of low-level frontogenesis can also be seen associated with
the Washoe zephyr (Clements et al. 2006) over western
Nevada. By 1800 UTC 21 August, the main frontogenetical forcing remains west of the areas of convection. In this
case, it is likely that the 700-hPa frontogenesis depicted by
the GFS was not a major contributor to the event. However, it is surmised that it may play a role in other lightning
outbreaks and therefore should be a part of any procedure.
Where the frontogenesis fails to capture the lowlevel forcing, isentropic surfaces can be used to capture
synoptic-scale lift that could lead to elevated convection.
Oftentimes, forecasters do not analyze isentropic data
during the summer due to deeper dry-adiabatic mixed
layers; this procedure will show that it indeed can be
a valuable tool in forecasting elevated convection even
in the western United States. What is readily apparent at
0600 UTC 21 August (Fig. 12) is a warm conveyor belt
ahead of the main trough off the coast of California with
high RH on the northwest California coast. Rising motion can be inferred from the cross-isobaric flow from
high to low pressure levels near northwest California
with moisture still near and above 700 hPa. With rising
motion continuing to occur and an unstable atmosphere
present (Fig. 9), convection would be likely to occur independently of surface insolation.

The trend continues at 1200 UTC 21 August, as there
is moderate to strong isentropic lift present over northern California. The moisture on the 310-K level is focused over the northern portion of the state, and as
mentioned previously, now resides above the 700-hPa
layer centered on 650 hPa. The moisture and lift collocated north of the San Francisco Bay into southwest
Oregon matches well with the dramatic increase in
convection seen at this time (Fig. 6). A second isentropic
layer at 315 K (not shown) also depicted a general area
of lift along and off the coast of California at the times of
Fig. 12.
Inferring areas of lift on an isentropic surface can be
difficult when the areas of lift are mesoscale in structure.
To better visualize the areas of lift present on the 310-K
isentropic surface, pressure advection omega as well as
the moisture stability flux (MSF; Moore et al. 1998) are
used (Fig. 13). The MSF is useful as large values (here
greater than 1 hPa m K21 s21) indicate areas on the
isentropic surface where moisture is increasing and/or
static stability is decreasing. At 0600 UTC 21 August,
with the stabilization of the boundary layer, large values
of MSF are forecast over the northwest California coast.
The area of large MSF is forecast to continue to move
east into northern California at 1200 UTC 21 August,
and as mentioned previously, the strongest isentropic lift
can be found over northern California where the pressure advection v . 0.1 Pa s21.
Combining these four parameters results in another
four-panel procedure shown in Fig. 14 for 0600 UTC
21 August. In the top-left-hand panel of Fig. 14, the 310-K
pressure, wind, and RH are shown, and its complement
(the MSF and the isentropic pressure advection v) are
shown in the lower left. These two parameters can be
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FIG. 14. GFS 42-h forecast for 0600 UTC 21 Jun with (a) 310-K pressure (hPa), wind (full barb, 5 m s21), and
RH (.70%, light shading; .85%, dark shading); (b) 700-hPa frontogenesis (.0 K m21 3 1010, light shading;
.10 K m21 3 1010, dark shading); (c) 310-K pressure advection v (positive values shaded every 0.2 Pa s21) and
MSF (contour every 0.2 hPa m K21 s21); and (d) 1000–500-hPa MUCAPE (m2 s22; .0, light shading; and .250,
dark shading).

used together to highlight where the moisture flux, lift,
and decreasing stability lie on an isentropic surface. In
the top-right-hand corner of Fig. 14 the 700- and 600-hPa
frontogenesis is shown as another low-level forcing mechanism. Finally, the bottom-right panel of Fig. 14 shows
the 1000–500-hPa MUCAPE, which matches the forecast sounding seen in Fig. 11. This four-panel setup is
designed to complement the original four-panel example used in WA04 by showing explicit low-level forcing,
moisture higher than 700 hPa in the isentropic charts,
and deep-layer CAPE to catch unstable layers aloft.
It is important to note that while the 310-K surface
proved to be most effective for the 21 June 2008 outbreak and may work in most other cases over California,
it will not work for every case. A later case during

September 2008 (not shown) showed better results on
the 315-K surface, as the moisture in that case was higher
in the atmosphere (550 hPa.) In addition, it is important
to note issues with isentropic surfaces over the Intermountain West during summer. Many surfaces will
intersect the ground and become nearly vertical in the
afternoon due to a deep mixed layer. As such, many
surfaces will lose their utility when this occurs. However,
many poorly forecast thunderstorm events have begun
or become more widespread at night (the June 2008
outbreak is one such example.) During these times, isentropic surfaces will still have some utility to help supplement the original WA04 framework, as the isentropic
surfaces are not as steep due to radiational cooling that
is strongest near the surface. At times, elevated mixed
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FIG. 15. As in Fig. 4, but for RUC analysis at 0600 UTC 2 Aug 2009. The 6-h lightning plot ending at 0900 UTC 2 Aug
is also shown in (b).

layers will remain overnight and could hamper isentropic analysis. These elevated mixed layers should be noticeable with a tight packing of isobars on that isentropic
surface.

4. Summary and conclusions
For the initial stages of the 21 June 2008 California
lightning outbreak, the WA04 DLP skillfully showed the
instability as much as 30 h before the initial lightning
was detected in northwest California. As the event
progressed, the low-level instability used by WA04
weakened, but there continued to be steep lapse rates
aloft. In contrast, the forcing implied by WA04 was
weak during the initial stages, but improved during the
latter half of the event as seen by upper-level warm-air
advection (Fig. 11).

To account for the deficiencies, additional parameters
were employed to improve the DLP in section 3d. These
parameters showed promise with the 21 June 2008 outbreak, and a second four-panel procedure (DLP2) was
developed. Use of DLP2 would aid in the forecasting of
extreme dry lightning events such as the June 2008
California outbreak. Several parameters were in place
for the event using the augmented WA04 framework
that would have provided clues about the potential
outbreak and aid in formulating any statements advertising the impending event. However, given the extreme
scale of the June 2008 event, it is likely that no procedure
would have led to a high-confidence forecast of such
a large event.
To further illustrate how the DLP2 can be used to
forecast other lightning events, the original DLP is
shown in Fig. 15 for 2 August 2009 at 0600 UTC. The
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most favored area for lighting development in the DLP
is across northeast California into southwest Oregon.
The lightning overlay in the top-right panel of Fig. 15
shows the 6-h lightning occurring from 0300 to 0900 UTC
2 August with over 1500 cloud-to-ground strikes. In
addition, the second four-panel procedure of DLP2 also
suggested this area would experience frequent lightning,
as there was strong low-level frontogenesis in the same
area (not shown). Two major fire complexes were started
as a result of this lightning event, the Shasta Trinity
Unit Lightning Complex and the Hat Creek Complex,
both in eastern Shasta County, California.
Finally, no framework is perfect and, in many cases,
the scheme dependent on the models themselves. The
DLP2 would still fail if the forecast models, such as the
GFS or NAM-WRF, were far off in their predictions.
Thus, in the future, it would be useful to utilize ensemble
forecasting techniques for a potential dry lightning event.
Ensemble means and probabilities of each parameter
would help. However, considering how small the window
is for dry convection, conditional probabilities derived
from the short-range ensemble, such as those displayed
on the SPC Web site, would be even more useful.
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