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ABSTRACT
Synoptic-scale weather events over the western United States are objectively ranked based on their associated tropospheric anomalies. Data from the NCEP 6-h reanalysis fields from 1948 to 2006 are compared to
a 30-yr (1971–2000) reanalysis climatology. The relative rarity of an event is measured by the number of
standard deviations that the 1000–200-hPa height, temperature, wind, and moisture fields depart from climatology. The top 20 synoptic-scale events were identified over the western United States, adjacent eastern
Pacific Ocean, Mexico, and Canada. Events that composed the top 20 tended to be very anomalous in several,
if not all four, of the atmospheric variables. The events included the northern Intermountain West region
heavy rainfall and Yellowstone tornado of mid-July 1987 (ranked 5th), the Montana floods of September 1986
(ranked 4th), and the historic 1962 ‘‘Columbus Day’’ windstorm in the Pacific Northwest (ranked 10th). In
addition, the top 10 most anomalous events were identified for each month and for each of the variables
investigated revealing additional significant weather events.
Finally, anomaly return periods were computed for each variable at a variety of levels. To place a given
anomaly in perspective for a specific level or element, forecasters need information on the frequency with
which that anomaly is observed. These return periods can be utilized by forecasters to compare forecast
anomalies to the actual occurrence of similar anomalies for the element and level of interest to gauge the
potential significance of the event. It is believed that this approach may allow forecasters to better understand
the historical significance of an event and provide additional information to the user community.

1. Introduction
Frequently, weather events that are deemed the most
memorable or significant are those that depart substantially from the normal range of conditions experienced
for a given location or a particular time of year, or those
that have the biggest societal or economic impacts. Numerous methods have been developed to rank the severity and societal or economic impacts of meteorological
events. The Fujita scale (Fujita 1971), the Saffir–Simpson
scale (Simpson 1974), the Palmer drought index (Palmer
1965), and the Northeast snowfall impact scale (Kocin
and Uccellini 2004) are a few scales developed to account
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for the severity of a weather event. Similarly, Hart and
Grumm (2001, hereafter HG01) presented a ranking
method to objectively assess synoptic-scale weather
events utilizing tropospheric departures from normal.
They noted that frequently the storms that are subjectively deemed the most significant are those that impact
population centers and, therefore, receive the greatest
media attention. When viewed objectively, through the
use of anomalies, some well-known storms may prove to
be not nearly as meteorologically rare as lesser-known
storms that impacted areas of lower population. The
methodology presented in HG01 attempts to utilize the
normalized anomalies for a variety of elements and a
series of levels to objectively rank synoptic events. However, the original work presented in HG01 only examined
historical normalized anomalies for the eastern portion
of North America. The work presented here applies a
similar methodology as that presented in HG01, but the
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FIG. 1. Inset box representing the approximate domain utilized for the calculation of
normalized anomalies.

area of focus is instead centered on the western United
States and its adjacent coastal waters (Fig. 1).
Based on normalized anomalies, all synoptic events
from 1 January 1948 through 31 December 2006 were
objectively ranked. Select historic events are presented
based on their departures from normal and dominant
anomalies. These data should facilitate the identification
of historical weather events over western North America and, ultimately, may result in improved anticipation
of future significant events.

2. Methodology
a. Datasets
Following the work of HG01, a comprehensive climatology was developed for the western United States
in order to derive departures from normal for each 6-h
period from January 1948 through December 2006. The
National Centers for Environmental Prediction–National
Center for Atmospheric Research (NCEP–NCAR) reanalysis dataset (Kalnay et al. 1996) was utilized to generate this analysis. The NCEP–NCAR reanalysis dataset
has a horizontal resolution of 2.58 3 2.58 and is available

for 17 pressure levels. As in HG01, 10 of these levels
were utilized for this study (Table 1). The climatology
was developed at 6-h intervals for three basic variables
over the range of 1000 to 200 hPa (height, temperature,
and wind) as well as the full tropospheric value of precipitable water. The wind components were used and
u- and y-wind anomalies were computed. Climatological
data for other variables, such as mean sea level pressure,
were calculated as well. One significant difference between this study and HG01 is the use of precipitable
water anomalies as opposed to the specific humidity
anomalies. The reason for this difference is that several
days of corrupt specific humidity data from February
1972 negatively impacted the specific humidity climatology and lowered the full tropospheric anomalies during
the late winter (by yielding lower moisture departures
during this period). This may partially explain the relative lull in significant events in the late winter found in
HG01. The use of the precipitable water climatology
eliminated this apparent bias in the western dataset.
Anomaly values were generated for over 85 000 sixhour time steps. The anomalies are relative to a climatology that is a subset of the entire period of investigation.
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TABLE 1. Pressure levels utilized in the determination of normalized anomalies by element. Here, MVARIABLE represents full
tropospheric representation.

Level (hPa)

Height

Temp

Wind

Precipitable
water

1000
925
850
700
600
500
400
300
250
200

O
O
O
O
O
O
O
O
O
O
O

O
O
O
O
O
O
O
O
O
O
O

O
O
O
O
O
O
O
O
O
O
O

O

MVARIABLE

The climatology was developed utilizing the 30-yr period extending from 1971 to 2000. With this climatology
as a foundation, the ranking of the climatological departures was performed for the period from 0000 UTC
1 January 1948 through 1800 UTC 31 December 2006.
It should be noted that HG01 used only 0000 and
1200 UTC data when developing rankings for eastern
United States weather systems while 0000, 0600, 1200, and
1800 UTC data were utilized for this western U.S. review.
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to account for system tilt with height. For example, the
greatest moisture anomalies may have been present over
the extreme southwest United States while, at the same
time, the greatest wind anomalies may have been just off
of the California coast. Despite the geographical separation between the two anomalies, they both would have
contributed to the MTOTAL value for that particular time
step. Therefore, there is only one MTOTAL calculated for
each time step.
The most anomalous events were identified by the
value of the MTOTAL. However, anomalies were also used
to identify events relative to departures from normal for
each variable. As such, events could be ranked by examining the MVARIABLE, also referred to as NTOTAL, to
find the most significant events by variable (e.g., the top
10 MTEMP totals). For example, the top wind anomaly
events could be examined independently of the top
temperature or moisture events.

3. Results
The results are divided into two sections: rankings and
return periods. The results are valid for the western half
of the United States and the adjacent areas in the eastern Pacific (Fig. 1).

b. Definitions

a. Rankings

Normalized anomalies were computed for the temperature, height, and u- and y-wind components at each level
(i.e., 1000–200 hPa) and for the full tropospheric value
of precipitable water at all time periods. For each element, the value of MVARIABLE was computed, where
MVARIABLE is the average departure (of all levels) from
the climatological 21-day running mean in standard
deviations. In other words, for a given variable (e.g.,
temperature) the greatest anomaly at each pressure level
was identified and the absolute values of these anomalies
were summed to generate the MVARIABLE (in this case,
MTEMP). Variables used included temperature, heights,
precipitable water, and the u- and y-wind components.
The overall departure, MTOTAL, was computed as the
arithmetic average of the pressure-weighted variables
(MTEMP, MHEIGHT, MMOIST, and MWIND) for each time
step:

The rankings for the normalized anomalies are broken down into several subsections. Section 3a(1) examines the top 20 MTOTAL departures during the 59-yr
period, which should identify many of the largest and
most significant storms to affect the region. Section
3a(2) examines the departures for each individual element (MHEIGHT, MTEMP, MWIND, and MMOIST) and
section 3a(3) investigates MTOTAL rankings by month.

MTOTAL 5

(MTEMP 1 MHEIGHT 1 MMOIST 1 MWIND )
.
4

For the determination of the MTOTAL, the MWIND value
represents the vertical average of the u- or y-wind anomalies, whichever was greatest. It should be noted that to
arrive at an MTOTAL value, vertical continuity is not required in the summation of the MVARIABLE values as

1) TOP 20 NORMALIZED ANOMALIES ACROSS
THE WESTERN UNITED STATES FROM 1
JANUARY 1948 THROUGH 31 DECEMBER 2006
The top 20 climatological anomalies (Table 2) represent the most significant multivariate synoptic-scale departures across the western United States for a period
of nearly 60 yr. Several of these events are associated
with memorable systems that had major societal impacts
while others had little apparent economic or societal
impact. A variety of event types were represented in the
top 20 MTOTAL events for the study region, including
coastal heavy rain, southwest U.S. heavy snow, severe
weather outbreaks, and Pacific Northwest windstorms,
among others.
When specific events are discussed, they are referred
to relative to the date or time that the greatest MTOTAL
value was analyzed. However, a single event may have
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TABLE 2. Top 20 normalized MTOTAL events for the period 1948–2006.

Date

MTOTAL

1) 16 Nov 1986

4.497

2) 27 Mar 1992

4.493

3) 10 Nov 1969
4) 25 Sep 1986

4.426
4.325

Cutoff near Baja; 1–2 in. (25–50 mm) of rain over
southern CA and AZ; southern AZ tornadoes
Heavy rain in the desert Southwest; 1.20 in. (30 mm)
of rain in Las Vegas, NV (second-wettest
cool-season day on record)
Cutoff low; 1–2 in. (25–50 mm) of rain in southern CA and AZ
Significant flooding in MT [10 in. (250 mm) rain in 18 h]

5) 18 Jul 1987

4.291

Record rain over OR–ID–MT; Yellowstone F4 tornado

6) 21 May 2006
7) 23 Mar 1954

4.284
4.267

Pacific Northwest severe weather event
Heavy rain in southern CA; 10–12 in. (250–300 mm)
of rain in CA mountains; 32 in. (81 cm) of snow
in 24 h in Bright Angel, AZ
Deep western U.S. trough; severe weather outbreak in MT
Heavy rain and snow event from West Coast into MT
Intense low; Columbus Day windstorm,
northern CA to the Pacific Northwest
Moisture surge into southern California
Desert Southwest upper low; heavy rain and snow over southern CA
Heavy rain and snow in the Pacific Northwest
and northern Intermountain West region
Massive heavy rain event across CA–AZ–UT;
rainfall amounts up to 20 in. in southern CA;
record snow in UT and NV
Record rain and flooding across northern CA and OR;
significant Pacific Northwest windstorm
Strong summer trough; heavy rain over the Great
Basin through northern Intermountain West region;
UT severe weather outbreak including Salt Lake City tornado
Cutoff low; 1–2 in. (25–50 mm) of rain
in southern CA and AZ
CA heavy rain event
Heavy rain event in CA and desert Southwest
TX upper low; record spring snow in TX

8) 26 Jun 1996
9) 1 May 1951
10) 13 Oct 1962

4.185
4.176
4.142

11) 18 May 1956
12) 16 Nov 1964
13) 11 Apr 1982

4.132
4.105
4.096

14) 22 Nov 1965

4.089

15) 23 Dec 1955

4.082

16) 14 Aug 1968

4.072

17) 17 Apr 1983

4.054

18) 16 Nov 1965
19) 21 Mar 1958
20) 26 Apr 1997

4.049
4.030
4.029

Description

produced very high MTOTAL values for several time
periods and thus could have dominated the top events.
Therefore, only the highest MTOTAL value was used for
each event. For example, the top-ranked anomaly (4.497)
in the dataset was analyzed at 0600 UTC 16 November
1986. However, this system exhibited significant MTOTAL
values for several days as the upper low sat off of the
southern California coast. Numerous time steps in the
period from 15 November 1986 through 17 November
1986 would have ranked in the MTOTAL top 20 if more
than one time step were allowed per storm. As such, the
discussion of the events related to this particular system
covers the period from 15 through 19 November 1986.
Although not specifically stated, similar windows should
be considered in the discussion of other historical events
throughout the manuscript.
Since the MTOTAL calculation equally weights the impacts of the MHEIGHT, MTEMP, MWIND, and MMOIST

References

Lussky (1989); Monteverdi
and Braun (1988); Braun
and Monteverdi (1991)
Fujita (1989); Evans
and Johns (1995)

Lynott and Cramer (1966)

Cole and Scanlon (1955)

values, a system generally needs to have large anomalies
in several categories to rank in the top 20 of events
overall. As a result, deep anomalous lows that exhibit
significant departures in height, temperature, wind, and
moisture are favored for inclusion in the top 20. Large
anticyclones are poor candidates for top 20 events. Despite this tendency, or bias, toward strong cyclonic systems, there are several events in the top 20 that appear to
have had a minimal impact on the western United States.
Around 25% of the events in the top 20 were associated
with cutoff lows off of southern California or the Baja
coast. Several of these cutoff lows eventually moved
inland and impacted the southwest United States while
others remained offshore and were significant only as
meteorological anomalies. As the MTOTAL approach is
based on meteorological anomalies, it views an offshore
cutoff low through the same lens as it views the devastating Columbus Day windstorm of 1962.
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The magnitude of the top 20 events ranges from
MTOTAL 5 4.497 to MTOTAL 5 4.029. These top 20 values
over the western United States are composed of relatively
lower MTOTAL values when compared to the values from
the top 20 events across eastern North America, as discussed in HG01. In fact, the top event for the western
United States would rank only sixth in the eastern North
America dataset. To provide an additional perspective
on the difference in the MTOTAL values between the
domain in HG01 and the western domain presented
here, the 20th-ranked event in HG01 (22 January 1959
with an MTOTAL of 4.176) would have ranked ninth in
the top 20 events for the western domain. The discrepancy is even greater when the western analysis is completed using specific humidity for MMOIST, as was done
in HG01. When this is done, the 20th-ranked event in the
eastern domain would rank 5th in the western domain.
The reasons for the higher MTOTAL values in the
eastern domain are not immediately clear, but a simple
comparison of the top events for each variable yields
some potential insight. It is clear that MMOIST differences
are a key factor in the MTOTAL differences between the
eastern and western domains. When the western analysis is performed utilizing the specific humidity for the
MMOIST, the 10th-ranked event in the east would rank
as the fourth largest MMOIST anomaly in the west. It is
believed that this difference is primarily a result of exposure to more significant moisture surges associated
with warmer sea surface temperatures (SSTs) in the Gulf
of Mexico and the Gulf Stream while cooler water off of
the west coast and complex terrain may result in less extreme moisture intrusions in the western United States.
Additionally, it also appears that both MTEMP and MWIND
play a role in the differences in the magnitude of the
MTOTAL between the two domains. The 10th-ranked
MTEMP event in the eastern domain would rank fourth
in the west while the eastern domain has three MWIND
events with values in excess of five standard deviations
and the western domain has none. It is believed that the
continental impacts are much greater in the eastern
domain, resulting in extremes in heat and cold while these
influences are tempered in the west due to the prevailing
flow off of the Pacific Ocean. The increased baroclinicity
associated with the significant events in the eastern domain may also play a role in the MWIND differences as
well. The top 10 MHEIGHT departures were comparable
between the two domains, indicating that the reasons for
the larger MTOTAL values in the eastern domain may
largely be determined by differences in MTEMP, MMOIST,
and MWIND. While these simple comparisons offer some
plausible reasons for the MTOTAL differences noted between the two domains, a more rigorous investigation
would very likely yield additional insight.

VOLUME 25

Finally, the impact of complex terrain on landfalling
systems in the western United States cannot be ignored.
Systems that impinge upon the western United States
tend to be greatly modified through their interaction with
the complex topography, resulting in less coherent storm
systems in the interior west. Junker et al. (2008, 2009)
have demonstrated that strong flow of warm moist air
from the Pacific can produce record precipitation events
in the absence of intense surface and midlevel cyclones.
Thus, in the western United States, the extreme terrain
may be a critical factor in many significant weather events.
Despite the tendency for lower MTOTAL values in the
western domain, impressive events still compose much of
the top 20 list for the western United States. Of note are
events such as the Columbus Day storm of 1962 (Lynott
and Cramer 1966), a significant Pacific Northwest severe
weather outbreak in May 2006, and a July 1987 event,
which included an F4 tornado in Yellowstone National
Park (Fujita 1989; Evans and Johns 1995). Despite these
impressive events, around one-quarter of the systems that
compose the top 20 are not known to have a major societal
or economic impact across the western United States. Several of these anomalous events, as meteorologically significant as they appeared, were relatively low-impact events,
and as previously stated, many were associated with cutoff
lows off the coast of the southwest United States.
The most anomalous multivariate synoptic-scale event
across the western United States for the period from
1948 through 2006 was associated with a cutoff low on
16 November 1986. The system was quite anomalous with
respect to heights, winds, and precipitable water values.
For most of the period when it was at its most anomalous,
the system remained offshore of southern California. On
18 November, the upper low became an open wave and
moved into the southwestern United States. Localized
heavy rain was reported with numerous sites recording
rainfall totals of 1–2 in. (25–50 mm) from southern California into southwest Colorado and western New Mexico. Numerous sites recorded precipitation amounts that
were among the wettest November days on record, including Lompoc, California [2.01 in. (51 mm); the second
wettest November day on record]; Monument Valley,
Utah [1.06 in. (27 mm); the wettest November day on
record); Shoshone, Arizona [1.00 in. (25 mm); the second wettest November day on record], and Desert Rock,
Nevada [0.87 in. (22 mm); the second wettest November
day on record]. San Diego, California, recorded 1.18 in.
(30 mm) of rain, which exceeded the average November
rainfall in a single day. The heavy rain in southern California resulted in flooding along the San Diego River. In
addition, this system was associated with two tornadoes
in the Phoenix, Arizona, area, accounting for two of only
nine November tornadoes on record in the state.
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FIG. 2. Contours of precipitable water (mm) and shading of the
associated normalized anomaly (sigma) from 0000 UTC 17 Nov
1986.

This event stood out in that it supported departures
that ranked in the top 10 with respect to height (fifth
overall), wind (sixth overall), and moisture (fifth overall) when compared to the normalized climatology. The

most significant departure associated with this system
was the precipitable water anomaly, which was greater
than seven standard deviations above normal (Fig. 2).
Height anomalies near five standard deviations (Fig. 3)
below normal were associated with the cutoff low as it
sat off of the coast of California. Significant MWIND totals were observed as well with anomaly values in excess
of four standard deviations in both the u- and y-wind
components at various levels (not shown). The degree of
departure in three of the four elements investigated is
what makes this event truly stand out from all of the
other events in the 59-yr dataset. However, despite the
significant weather associated with this system, it is not
an event that was extensively documented.
In contrast, a July 1987 event, one of the most memorable events on record in the western United States,
came in as the fifth-most anomalous event in the period
from 1948 to 2006. The impacts from this system were
most pronounced from the northern Great Basin to the
northern Intermountain West region and into the plains
of central and eastern Montana. The storm moved through
the region in the middle of July 1987 and is best known

FIG. 3. Contours of heights (m) and shaded normalized anomalies (sigma) from 0000 UTC 17 Nov 1986: (a)
500-hPa heights and anomaly, (b) 700-hPa heights and anomaly, (c) 850-hPa heights and anomaly, (d) mean SLP and
anomaly.
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FIG. 4. As in Fig. 3, but at 0000 UTC 18 Jul 1987.

for being associated with an F4 tornado that struck
Yellowstone National Park on 21 July. While this event
is well documented due to the severe weather outbreak
that stretched from northern Utah into northwest Wyoming, and in particular the F4 tornado in Yellowstone National Park, it also had far-reaching impacts to the north.
Widespread rainfall totals in excess of 2 in. (50 mm),
with some locations receiving over 4 in. (100 mm), were
reported across Idaho and Montana on 16–17 July, with
some sites receiving warm season (April–September)
record 24-h precipitation amounts (i.e., Summer Lake,
Oregon, with 1.67 in. on 17 July). In addition, Crater
Lake National Park Headquarters reported an inch of
snow on 18 July, which is the latest in the season that the
site has recorded an inch of snow or greater (1919–2007).
While heavy precipitation in the warm season in this region is not, in itself, particularly unusual, the widespread
coverage of the heavy precipitation was impressive.
Similar to the top event in the dataset (16 November
1986), this storm exhibited impressive departures that
ranked in the top 10 in three of the four elements investigated (height, temperature, and wind). On the day
of the greatest MTOTAL for this event, 18 July 1987, or on
the day prior, anomalies for height, temperature, and

wind ranked in the top four for all events dating back to
1948. Height anomalies in excess of five standard deviations (Fig. 4) below normal were associated with the
unseasonably deep trough as it moved into the Great
Basin and, in particular, across southern California and
Nevada. Anomaly values in excess of four standard deviations from normal were associated with both the u
and y winds at various levels (Fig. 5), resulting in highly
anomalous MWIND totals. Even though the MMOIST total
for this event was not in the top 10 for all moisture
anomalies, it still supported significant moisture anomalies, with precipitable water values between two to three
standard deviations above normal.
One of the most significant storms in the western United
States during the twentieth century was the Columbus
Day storm of 1962. It is often referred to as the ‘‘Storm
of the Century’’ for the western United States and as
such is worthy of additional review given its place in
weather lore across the west. The Columbus Day storm
ranked 10th in the top 20 MTOTAL events for the western United States with a value of 4.142 as analyzed on
13 October 1962 (Table 2). The damage associated with this
event remains unequaled in the historical records of the
Pacific Northwest and is the standard by which all other
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FIG. 5. Wind barbs (kt) and shaded normalized anomalies (sigma) from 0000 UTC 18 Jul 1987: (a) 700-hPa winds
and u-wind anomaly, (b) 700-hPa winds and y-wind anomaly, (c) 850-hPa winds and u-wind anomaly, and (d) 850-hPa
winds and y-wind anomaly.

Pacific Northwest windstorms are measured. The most
intense winds with the storm were recorded on 11 October
with 145 mi h21 measured at Cape Blanco, Oregon. The
actual gusts were likely higher than this as the anemometer failed at that point (Lynott and Cramer 1966).
There were numerous other gusts well over 100 mi h21,
including 130 mi h21 at Mount Hebo Air Force Base
(the maximum reading available); 127 mi h21 at Corvallis, Oregon, before the anemometer was destroyed;
and Newport, Oregon, with 138 mi h21. In Oregon and
Washington alone, 15–17 million board-acre feet of
timber were felled. The storm resulted in an estimated
$230–280 million (in 1962 dollars) in property damage
from California north to British Columbia, Canada, with
the worst of the damage occurring in Oregon. Impressive height anomalies were associated with this historic
system with low-level (e.g., SLP, 850 hPa, 700 hPa, etc.)
analyzed departures of at least five standard deviations
below normal (Fig. 6). In addition, low-level y-wind
anomalies were in excess of five standard deviations
above normal as the core of intense winds moved inland
(Fig. 7). It should be noted that that the MHEIGHT

anomalies from this event ranked in the top 6 (Table 3a)
and MWIND anomalies in the top 4 (Table 3c) for all
events dating back to 1948. However, the event lacked
extreme thermal and moisture anomalies, which kept
the event from being ranked in the overall top 5.

2) TOP 10 ANOMALIES BY VARIABLE
In the previous section, the MTOTAL for each 6-h period for the 59-yr span was used to objectively identify
the most anomalous weather systems. In this section, the
individual vertically integrated variables for height, temperature, wind, and precipitable water are used to examine
the events that had the largest anomalies by parameter.
The top 10 anomalies for each of these variables are
listed in Tables 3a–d.

(i) MHEIGHT anomalies
The largest MHEIGHT anomaly of 6.884 (Table 3a) was
associated with a large cutoff low situated off of the Baja
coast on 10 November 1969. The second largest MHEIGHT
anomaly (5.619) over the 59-yr period occurred on 9 June
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FIG. 6. As in Fig. 3, but at 0000 UTC 13 Oct 1962.

1976. On 9 June 1976 an unseasonably strong trough sat
off of the southern California coast. As this system
moved toward the north-central plains, it was associated
with a significant severe weather outbreak across North
and South Dakota. The 11 June outbreak resulted in the
most tornadoes recorded in a single day in North Dakota
(nearly 30 separate tornado events) and produced large
hail and flash flooding in the Black Hills of South Dakota. The majority of the remaining MHEIGHT top 10
events were associated with heavy precipitation events
while a few were associated with cutoff lows off the Baja
coast.

(ii) MTEMP anomalies
The largest value of MTEMP (5.063; see Table 3b) was
associated with a sprawling area of high pressure, which
settled over the Great Basin and extended into southern
Texas on 13 December 1997. As the area of high pressure
moved south, 700-hPa temperatures dropped to as low as
2168C across southern Texas and northern Mexico.
Frigid air settled into much of the Great Basin and the
southwest United States, and the system was associated
with a widespread freeze across southern Texas with
temperatures even dropping to near or below freezing

in the Phoenix area. Morning lows in Yellowstone,
Wyoming, dropped as low as 2328F (2368C). Additionally, a rare sleet event occurred in Brownsville, Texas, in
what was only the 12th occurrence of frozen precipitation in 50 yr (USDA 2008). As impressive as the cold air
was over the Great Basin, the largest temperature
anomalies were observed over northern Mexico. This
resulted in a rare cold episode over northern Mexico and
snowfall reportedly paralyzed the region and was
blamed for the deaths of 12 people. The city of Guadalajara, Mexico, reported snow for the first time since
1881. The second largest MTEMP anomaly (4.958) was
associated with the 18 July 1987 western U.S. trough,
which was also responsible for the fifth largest MTOTAL
departure on record in the western United States [see
section 3a(1)].

(iii) MWIND anomalies
The largest MWIND value (4.962; see Table 3c) occurred
on 2 July 1997 in association with a vigorous trough
moving onto the California coast. The system resulted in
local precipitation amounts in excess of 1 in. (25 mm)
across northern California and Oregon on 30 June and 1
July 1997. Heavy precipitation spread to the northeast
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FIG. 7. As in Fig. 5, but at 0000 UTC 13 Oct 1962.

with flooding rains reported in eastern Montana on
1–2 July 1997. Several sites set all-time single-day
precipitation records [Lindsay, Montana, 5.52 in.
(140 mm); Terry, Montana, 4.68 in. (118 mm)] and
amounts of nearly 6 in. (152 mm) around Sidney,
Montana, resulted in a dam failure. The second largest
MWIND anomaly (4.701) occurred on 26 June 1996. A
deep trough moved down the West Coast and then
moved inland with a 110-kt southerly jet at 250 hPa on
26 June 1996, increasing to 130 kt over the Great
Basin on 27 June. As the system moved into the Great

Basin, it was associated with a significant severe
weather outbreak, with hail up to softball size, across
western and central Montana on 26 June. Several of
the top 10 MWIND events were associated with heavy
rain events (2 July 1997, 26 June 1969, 22 August
1968), two with severe weather outbreaks (26 June
1996 and 17 July 1987), one with a synoptic-scale
windstorm in the Pacific Northwest (13 October 1962),
one with a significant winter storm (18 January 1988),
and one with a downslope windstorm in Washington
(24 December 1983).

TABLE 3a. Top 10 normalized MHEIGHT events for the period 1948–2006.
Date

MHEIGHT

Description

1) 10 Nov 1969
2) 9 Jun 1976
3) 25 Jun 1969
4) 17 Jul 1987
5) 16 Nov 1986
6) 11 Oct 1962
7) 5 Dec 1997
8) 17 Apr 1983
9) 14 Dec 1967
10) 11 Feb 1978

6.884
5.619
5.551
5.372
5.356
5.347
5.312
5.303
5.095
5.054

Cutoff low;1–2’’ (25–50 mm) rain in southern CA and AZ
Record-breaking tornado outbreak in ND
Heavy rain from the Pacific Northwest to MT and ND
Record rain OR/ID/MT; Yellowstone F4 tornado
Cutoff near Baja; 1–2’’ (25–50 mm) rain southern CA, AZ. Arizona tornadoes
Intense low—Columbus Day windstorm—northern CA to the Pacific NW
Significant heavy rain and flooding in southern CA
Cutoff low;1–2’’ (25–50 mm) rain in southern CA and AZ
Massive winter storm in AZ; state 24 h snowfall record
California heavy rain; local 2 day totals in excess of 15’’ (380 mm)
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TABLE 3b. Top 10 normalized MTEMP events for the period 1948–2006.
Date

MTEMP

Description

1) 13 Dec 1997
2) 18 Jul 1987
3) 4 Sep 1961
4) 24 Mar 1955
5) 27 Apr 1997
6) 6 May 1969
7) 13 Feb 1960
8) 22 Aug 1968
9) 1 May 1951
10) 9 Nov 1955

5.063
4.958
4.706
4.615
4.518
4.484
4.399
4.395
4.384
4.316

Strong high pressure over Great Basin; record lows
Record rain over OR–ID–MT; Yellowstone F4 tornado
Significant early season snow in CO
Record-breaking cold snap over north-central United States
TX upper low; record spring snow in TX
Southwest U.S. cutoff; significant flooding in CO
Arctic intrusion into the central United States
Strong trough along West Coast; locally heavy rain in northern CA
Deep cold southwest U.S. trough
Upper low over TX; early season TX snow

(iv) MMOIST anomalies
The top MMOIST anomaly (8.479; see Table 3d) occurred on 18 May 1956. A plume of deep moisture lifted
into Baja California with precipitable water values
around 2 in. (50 mm) noted off of the southern California coast. This moisture anomaly was initially associated with precipitation in California although amounts
were largely less than 0.5 in. (13 mm). As this moisture
plume lifted north, Medford, Oregon, received 1.67 in.
of precipitation on 18 May 1956, which is the greatest
single-day total on record (1928–2008) between 1 May
and 31 August. Despite the strength of the anomaly, the
areal extent of the precipitation was surprisingly modest, although it is worth noting that the significant
moisture anomaly was largely confined to the Baja
California region and far western Mexico. The remainder of the MMOIST top 10 was largely composed of
significant precipitation events. This includes the California and southern Arizona heavy rain and northern
Arizona snow event of 22–23 March 1954, which was
associated with the second-highest MMOIST values. Numerous storm rainfall totals of 10–12 in. (250–300 mm)
were reported in the California mountains and 32 in.
(81 cm) of snow fell in Bright Angel, Arizona, in a 24-h
period. Several other record-breaking precipitation
events are included in the top 10, including those on
31 March 1986 and 23 November 1965, both of which

included widespread heavy precipitation across the
southwest United States.

3) TOP 10 ANOMALIES BY MONTH
In addition to the top 10 anomalies by variable, the top
10 events were computed by month and compiled in
Tables 4a–4l. The monthly data revealed additional historic western U.S. weather events and provided a seasonally adjusted set of events, as many of these monthly
events were not included in the MTOTAL or MVARIABLE
tables. Many of these events produced significant weather
and were worthy of inclusion in this study as the goal is
to aid in detecting significant weather events.
Several events identified in the monthly top 10s include the historic heavy rain and flood event in California
in early January 1997 (Junker et al. 2008) and the extreme
cold snap and heavy snow event of 10–11 January 1949,
which produced measurable snow in Los Angeles, California, and Las Vegas, Nevada. The monthly data also
revealed the 3 September 1961 event, which included a
record early season snowfall in Denver, Colorado.
Some interesting artifacts of the climatology are revealed upon further investigation of the monthly top 10
lists. None of the western U.S. top 10 January events
made the overall top 20 events while each of the January
top 10 events made the overall top 20 in HG01. The
month that was most heavily represented in the MTOTAL

TABLE 3c. Top 10 normalized MWIND events for the period 1948–2006.
Date

MWIND

Description

1) 2 Jul 1997
2) 26 Jun 1996
3) 17 Jul 1987
4) 13 Oct 1962
5) 10 Jul 1979
6) 16 Nov 1986
7) 24 Dec 1983
8) 26 Jun 1969
9) 22 Aug 1968
10) 18 Jan 1988

4.962
4.701
4.684
4.663
4.590
4.578
4.561
4.545
4.539
4.532

Strong summer trough; .1 in. (25 mm) of rain in northern CA and OR
Deep trough; severe weather outbreak in MT
Record rain OR–ID–MT; Yellowstone F4 tornado
Intense low; Columbus Day windstorm over northern CA to the Pacific Northwest
Unseasonably strong trough into the Pacific Northwest
Cutoff near Baja; 1–2 in. (25–50 mm) of rain over southern CA, AZ; AZ tornadoes
Significant windstorm in lee of Cascade Mountains, WA
Heavy rain from the Pacific NW to MT and ND
Strong trough along West Coast; locally heavy rain in northern CA
Major winter storm; Great Basin into the northern plains
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TABLE 3d. Top 10 normalized MMOIST events for the period 1948–2006.

Date

MMOIST

Description

1) 18 May 1956
2) 22 Mar 1954

8.479
8.151

3) 27 Mar 1992

7.280

4) 21 Mar 1958
5) 17 Nov 1986

7.173
7.034

6) 31 Mar 1986
7) 23 Nov 1965

6.832
6.804

Moisture surge into southern CA
Heavy rain in southern CA; 10–12 in. (250–300 mm) in CA mountains;
32 in. (81 cm) snow in 24 h in Bright Angel, AZ
Heavy rain in the desert Southwest; 1.20 in. (30 mm) of rain in Las Vegas,
NV (second-wettest cool-season day on record)
Heavy rain event over CA and desert Southwest
Cutoff near Baja; 1–2 in. (25–50 mm) of rain over
southern CA and AZ; AZ tornadoes
Record-setting rain and snow across UT–CO–NM
Massive heavy rain event across CA–AZ–UT; rainfall amounts
up to 20 in. in southern CA; record snow over UT and NV

8) 28 Feb 1953
9) 11 Apr 1982

6.756
6.721

10) 13 Mar 1959

6.683

Heavy rain and snow in the Pacific Northwest
and northern Intermountain West region

top 20 was November with five events, followed by
March, April, and May with three events each. While the
eastern U.S. top 20 was dominated by winter weather
events, the western U.S. climatology was heavily influenced by transition season events with 14 of the top 20
events occurring in the months of March, April, May,
and November.
In an effort to assess the seasonality of significantly
anomalous events, the number of events with MTOTAL
values of 4 or greater was calculated for each month
(Fig. 8). It was found that events with MTOTAL of 4 or
greater most frequently occurred in the transition periods of spring and fall. The HG01 dataset was dominated
by significant winter storm events while the western dataset presented here exhibits more variety in the event
types that comprise the most anomalous events. The
TABLE 4a. Top 10 January normalized departures from
climatology.
Date

MTOTAL

1) 4 Jan 2005
2) 10 Jan 1949

3.992
3.956

3) 3 Jan 1955
4) 24 Jan 1962
5) 12 Jan 1980

3.928
3.768
3.734

6) 1 Jan 1997

3.702

7) 7 Jan 1952
8) 13 Jan 1952

3.649
3.623

9) 11 Jan 1967
10) 30 Jan 1975

3.608
3.590

Description
Heavy rain and flooding in CA
Intense storm brought snow
to Los Angeles and all-time
record lows to southern CA

Significant CA heavy rain event;
some 2-day totals of around
12 in. in mountains
Heavy rain and severe flooding
in CA and Pacific Northwest
Significant CA precipitation event;
up to 12 ft of snow in 5 days
in portions of the Sierras

tendency for more significant departures in the spring
and fall in the western U.S. domain is also noted in the
average MTOTAL for the top 10 events for each month
(Fig. 9). The average values for the top 10 events in the
spring and fall months clearly stand out when compared
to the remainder of the year.

b. Return periods
In addition to objectively ranking these synoptic-scale
events, the ultimate goal of this work is to utilize anomaly
information in the forecast process across the western
United States. To place a given anomaly value in perspective for a specific element and level, or an M value, it
is useful to know how frequently that anomaly is observed within the domain. For example, based on the
anomalies analyzed for this study, the return period for
a y-wind anomaly of at least 14.5 standard deviations at
700 hPa occurring anywhere in the western United States
is about 6 months. In other words, a y-wind anomaly of
TABLE 4b. Top 10 February normalized departures from
climatology.
Date

MTOTAL

1) 28 Feb 1991
2) 12 Feb 2003
3) 1 Feb 1963

3.878
3.844
3.813

4) 29 Feb 1952
5) 16 Feb 1959
6) 21 Feb 1973
7) 28 Feb 1978

3.809
3.779
3.729
3.696

8) 3 Feb 1998

3.649

9) 11 Feb 2005
10) 13 Feb 2001

3.645
3.640

Description

Significant CA rain event;
3-day rain totals of 12–23 in.
in portions of the Sierras

AZ heavy rain event; 2-day rain
totals of 3–8 in. in central AZ
Numerous 2-day valley rain totals
of 10+ in. in southern CA
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TABLE 4c. Top 10 March normalized departures from
climatology.

TABLE 4e. Top 10 May normalized departures from climatology.
Date

Date

MTOTAL

Description

1) 27 Mar 1992

4.493

2) 23 Mar 1954

4.267

3) 21 Mar 1958

4.030

4) 30 Mar 1978

4.029

Heavy rain in the desert
southwest; 1.20 in. (30 mm)
of rain in Las Vegas, NV
(second-wettest cool-season
day on record)
Heavy rain in southern CA; 10–12 in.
of rain in CA mountains; 32 in. of
snow in 24 h in Bright Angel, AZ
Heavy rain event over CA
and desert Southwest
Cutoff low; 1–2 in. of rain
in southern CA; locally up to 5 in.

5) 5 Mar 1987
6) 24 Mar 1957
7) 31 Mar 1986
8) 1 Mar 1952
9) 28 Mar 1963
10) 4 Mar 1983

4.006
3.924
3.838
3.830
3.776
3.766

this magnitude, or greater, at 700 hPa was observed
a little over 100 times in the over 85 000 six-hour time
steps included in the dataset. This type of information
should provide forecasters with a better sense of the
actual rarity or, conversely, the insignificance of an observed or forecast anomaly.
To quantify this information, return periods have
been calculated for different elements and levels. Bins
with a width of 0.1 standard deviations for each 6-h period were utilized to assess the frequency of occurrence
of observed MTOTAL, MHEIGHT, MTEMP, MWIND, and
MMOIST values. The return periods are related to the
monthly frequency with which a given anomaly is observed (Figs. 10–14).
The return periods for MTOTAL values are displayed
in Fig. 10. The most common MTOTAL value in the
database is 2.3, which, on average, is observed in more
TABLE 4d. Top 10 April normalized departures from
climatology.
Date

MTOTAL

1) 11 Apr 1982
2) 17 Apr 1983

4.096
4.053

3) 30 Apr 1951
4) 26 Apr 1997

4.022
4.022

5) 22 Apr 2005
6) 4 Apr 2006
7) 4 Apr 1997
8) 19 Apr 1951
9) 10 Apr 1952
10) 16 Apr 1976

3.953
3.861
3.839
3.830
3.829
3.728

Description
Cutoff low; 1–2 in. of rain
in southern CA and AZ
TX upper low; record spring
snow in TX
West Coast trough

VOLUME 25

MTOTAL

Description

1) 21 May 2006 4.284 Pacific Northwest severe weather event
2) 1 May 1951 4.176 Heavy rain and snow event from
West Coast into MT
3) 18 May 1956 4.132 Moisture surge into southern CA
4) 3 May 1998 3.838
5) 19 May 1957 3.792
6) 6 May 1969 3.749
7) 27 May 1973 3.700
8) 15 May 1995 3.675
9) 30 May 1988 3.674
10) 20 May 2002 3.589

than 13 six-hour time steps per month. To expand on
this, MTOTAL values between 2.1 and 2.7 are observed
numerous times in a given month (more than 8 times per
month) and thus are quite common. Meanwhile, MTOTAL
values of around 1.7 and 3.5 are observed about once
a month. Values of MTOTAL that are lower than 1.7 and
greater than 3.5 occur with rapidly decreasing frequency
as you move away from those two values. In other words,
it is just as rare to have a very low MTOTAL value as it is
to have one that is significantly large (e.g., greater than
four standard deviations). The MTOTAL of 0.9 standard
deviations represents the ‘‘least active’’ weather found
in the database, having been observed once in the 59-yr
period of the study. This value is much lower than the
minimum value observed in HG01, which was 1.3 standard deviations. In general, MTOTAL values exceeding
3.7 standard deviations would warrant closer scrutiny
from a forecast perspective as MTOTAL values this high
are only observed a small number of times each year. For
comparison purposes, the return periods for MHEIGHT,
MTEMP, MWIND, and MMOIST are shown in Figs. 11–14.
Return periods were also calculated for numerous
levels (e.g., 925, 850, 700 hPa, etc.) for four of the five

TABLE 4f. Top 10 June normalized departures from climatology.
Date

MTOTAL

Description

1) 26 Jun 1996

4.185

2) 10 Jun 1955

3.953

Record cold in the West;
severe weather outbreak in MT
Cutoff low; 2–3 in. of rain in AZ
as storm system moved inland

3) 16 Jun 1995
4) 26 Jun 1969

3.877
3.870

5) 9 Jun 1976
6) 7 Jun 1988
7) 3 Jun 1970
8) 9 Jun 1972
9) 29 Jun 1992
10) 12 Jun 1970

3.714
3.665
3.658
3.643
3.624
3.605

Heavy rain from the Pacific
Northwest to MT and ND
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TABLE 4g. Top 10 July normalized departures from climatology.
Date

MTOTAL

Description

1) 18 Jul 1987

4.291

Record rain over OR–ID–MT;
Yellowstone F4 tornado

2) 4 Jul 1993
3) 16 Jul 1955
4) 31 Jul 1975
5) 9 Jul 1992
6) 22 Jul 1973
7) 9 Jul 1983
8) 11 Jul 1975
9) 13 Jul 1990
10) 23 Jul 1984
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3.654
3.653
3.634
3.627
3.562
3.561
3.548
3.533
3.522

primary variables (i.e., heights, temperature, y- and
u-wind components). From a forecast perspective, it is
likely that the return periods for specific fields and levels
will prove more useful than MTOTAL return periods in
that forecasters will be able to focus on the truly anomalous elements and levels when making a forecast. Charts
for these anomaly return periods are available online
(http://www.wrh.noaa.gov/slc/projects/anomalies/return_
intervals/index.htm).

4. Forecasting implications
It is clear that the use of normalized anomalies and
return periods can place events into historical perspective, but normalized anomalies can also be beneficial in
the real-time forecast process. In recent years, the use of
anomalies in the forecast process has steadily increased
and studies examining the use of anomalies to forecast
a variety of significant weather events, including East
Coast winter storms (Stuart and Grumm 2006), extreme

TABLE 4h. Top 10 August normalized departures from
climatology.
Date

MTOTAL

Description

1) 14 Aug 1968

4.072

Strong summer trough; heavy rain
over Great Basin through northern
Intermountain West region;
UT severe weather outbreak
including Salt Lake City tornado
West Coast trough; Big Thompson
Canyon flash flood

2) 2 Aug 1976

3.931

3) 8 Aug 1991
4) 21 Aug 1968

3.899
3.797

5) 23 Aug 1960
6) 15 Aug 1976
7) 20 Aug 1964
8) 14 Aug 1979
9) 20 Aug 1959
10) 28 Aug 1951

3.792
3.718
3.718
3.700
3.621
3.618

Strong trough along West Coast;
locally heavy rain in northern CA

TABLE 4i. Top 10 September normalized departures from
climatology.
Date

MTOTAL

Description

1) 25 Sep 1986

4.325

Significant flooding in MT
(10 in. of rain in 18 h)

2) 24 Sep 1982
3) 9 Sep 2001
4) 25 Sep 1997
5) 10 Sep 1976
6) 3 Sep 1961

3.946
3.890
3.888
3.841
3.790

7) 20 Sep 2004
8) 3 Sep 1950
9) 5 Sep 1978
10) 7 Sep 1973

3.787
3.780
3.740
3.663

Record early season
snow in Denver, CO

mountain rainfall in northern California (Junker et al.
2008), and heavy rainfall events (Grumm and Hart 2001),
have appeared in the literature. It is believed that the
interrogation of specific elements (e.g., u or y wind) and
specific levels (e.g., 850 and 700 hPa, etc.) provides more
utility than the examination of MTOTAL values in a realtime forecast environment. Looking at the maximum
MTOTAL values associated with an event helps assess the
rarity of an event. However, the MTOTAL value does not
provide the forecaster with critical information as to
which elements and levels are most anomalous, thereby
limiting its utility as a real-time forecast tool. Forecasters
are instead encouraged to interrogate significant anomalies by element and level.
The southern California heavy rain event of 18–28
January 1969 is an example of the utility of interrogating
critical elements and levels pertinent to specific event
types. Record-setting rainfall totals were recorded across
portions of southern California during this period (Wagner
1969) with a few mountain sites reporting in excess of
30 in. (762 mm) of rain during this 10-day period, including a total of 41.88 in. (1064 mm) at Lake Arrowhead,
TABLE 4j. Top 10 October normalized departures from
climatology.
Date

MTOTAL

Description

1) 13 Oct 1962

4.149

Intense low; Columbus Day
windstorm; northern CA
to the Pacific Northwest

2) 3 Oct 1967
3) 9 Oct 1959
4) 31 Oct 1967
5) 9 Oct 1985
6) 16 Oct 1984
7) 12 Oct 1997
8) 20 Oct 2004
9) 17 Oct 2005
10) 28 Oct 1964

3.915
3.882
3.867
3.786
3.770
3.765
3.756
3.736
3.707
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TABLE 4k. Top 10 November normalized departures from
climatology.
Date

MTOTAL

Description

1) 16 Nov 1986

4.497

2) 10 Nov 1969

4.426

3) 16 Nov 1964

4.105

4) 22 Nov 1965

4.089

5) 16 Nov 1965
6) 11 Nov 1994
7) 29 Nov 1970
8) 23 Nov 1984
9) 29 Nov 2002
10) 17 Nov 1976

4.049
3.956
3.867
3.839
3.831
3.755

Cutoff low; 1–2 in. of rain
in southern CA and AZ
Cutoff low near Baja; 1–2 in.
of rain over southern CA
Desert Southwest upper low;
heavy rain and snow over
southern CA
Massive heavy rain event across
CA–AZ–UT; rainfall amounts
of up to 20 in. in southern CA;
record snow over UT and NV
CA heavy rain event

California. Widespread flooding was associated with this
significant rainfall event along California’s Central Valley
rivers, which led to the reformation of Tulare Lake in
the San Joaquin Valley. However, this historic rainfall
and flood event does not appear in the MTOTAL top 20,
with 3.212 being the largest MTOTAL analyzed in the
western United States during this 10-day period. An
investigation of this event reveals that there were indeed
significant anomalies associated with this event, but the
large anomalies were confined to only a couple of elements (primarily precipitable water and winds) and were
largely confined to the lower portion of the troposphere
(i.e., below 700 hPa). The precipitable water anomalies
associated with a series of landfalling atmospheric rivers
(Neiman et al. 2008) were between 3.5 and 4.5 standard
deviations above normal for the two periods of significant
TABLE 4l. Top 10 December normalized departures from
climatology.
Date

MTOTAL

Description

1) 23 Dec 1955

4.082

Record rain and flooding across
northern CA and Oregon; significant
Pacific Northwest windstorm

2) 9 Dec 1982
3) 13 Dec 1997

4.008
3.997

4) 5 Dec 1994
5) 14 Dec 1967

3.942
3.867

6) 11 Dec 1949
7) 18 Dec 1978
8) 13 Dec 1984
9) 25 Dec 1971
10) 11 Dec 1951

3.853
3.842
3.768
3.766
3.759

FIG. 8. Number of events with MTOTAL values $4 std dev
by month.

precipitation during this event. In addition, low-level
wind (both the u- and y-wind components) anomalies
were between 13.0 and 14.5 standard deviations for
significant stretches of time during this event with
the 925-hPa y-wind anomalies exceeding 15 standard
deviations for a period on 25 January. However, the upperlevel wind anomalies were more modest, weighting the
MWIND values down a bit. Similarly, the greatest heightand temperature anomalies (those in excess of 3 standard deviations) were largely confined to the lower
levels. The result is that the MTOTAL values for this event
were generally between 2.5 and 3.0 standard deviations
for most of the event. However, significant anomalies
were present in fields (i.e., moisture and wind) and levels
(i.e., below 700 hPa) that are critical for forecasting this
particular type of event, as discussed in Neiman et al.
(2002) and Junker et al. (2008). This implies that some
event types, such as coastal heavy rainfall events, can
occur with significant anomalies present only in critical
fields while the MTOTAL remains relatively modest.
It is believed that forecasters could utilize output from
an Ensemble Prediction System (EPS) or deterministic
medium-range model (e.g., the Global Forecast System,

Strong high pressure over
the Great Basin; record lows
Massive winter storm in AZ;
state 24-h snowfall record

FIG. 9. Average MTOTAL for top 10 events by month.
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FIG. 10. Return period (months) for MTOTAL values (std dev).

FIG. 12. As in Fig. 10, but for MTEMP values (std dev).

GFS) to interrogate forecast anomalies for elements (e.g.,
precipitable water, temperature, u-wind component) and
at levels (e.g., 850 and 700 hPa) pertinent to this specific
event type. The heavy rain event of January 1969 suggests the need to understand the key anomalies that may
contribute to forecasting specific event types (Junker
et al. 2009). This information could serve as an excellent
forecast tool in real time for forecasters attempting to
anticipate the significance of a pending event.

Utilizing the methodology presented in HG01, a climatology of normalized anomalies was developed for
the western United States for the period of 1948–2006.
Six-hourly anomaly departures for a series of levels were
examined for height, temperature, wind, and moisture
from 1948 through 2006. In addition, the total anomaly
(accounting for the MHEIGHT, MTEMP, MWIND, and
MMOIST) was identified for each 6-h time step. Through
this process, the most meteorologically anomalous periods for the western United States between 1948 and
2006 were identified.
Similar to the results found for the eastern United
States, the larger MTOTAL events in the western United
States were dominated by significant weather events,

some of which appeared in the published literature.
However, a smaller percentage of the top 20 events in
the western U.S. domain appeared in the published literature when compared to the events in HG01. This is
likely a result of the lower population base in the western United States. It should be clear that there is not
a linear relationship between the presence of significant
anomalies and the associated human impacts as location, time of year, time of day, etc. all play a role in the
observed impacts. Therefore, not all events that exhibit
big anomalies will make the news or be the subject of
focused research. However, by examining Storm Data
entries, newspaper articles, National Climatic Datat Center (NCDC) records, etc., it is clear that many of these
anomalous events in the western United States were indeed associated with unique and significant weather. In
several cases, events that initially appeared to have had
a minimal impact were found, upon further investigation,
to have been significant events given the climatology of
the area in which they occurred. Events listed in Table 2
produced a wide spectrum of significant weather ranging
from a rare F4 tornado event to record snow events, extreme rainfall and flooding, and significant windstorms.
Interestingly, many of the events in the top 20 tended
to be anomalous with respect to all four variables investigated (temperatures, heights, moisture, and winds).

FIG. 11. As in Fig. 10, but for MHEIGHT values (std dev).

FIG. 13. As in Fig. 10, but for MWIND values (std dev).

5. Conclusions
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FIG. 14. As in Fig. 10, but for MMOIST values (std dev).

Some events, such as the Columbus Day storm, were
very anomalous with respect to heights (Fig. 6, Table 3a)
and winds (Fig. 7, Table 3c) but lacked significant thermal and moisture anomalies. The MTEMP for this event
was 2.397, which was the lowest MTEMP value for any
top 20 event. The MTOTAL concept may be biased toward events that can bring together a wide range of
meteorological conditions producing strong anomalies
in all four variables. Clearly, the Columbus Day storm
of 1962, with a mean SLP anomaly (28.172 standard
deviations), was a significant weather event. The 28.172
standard deviation anomaly was the largest SLP anomaly observed in the western United States during the
study period. This was comparable to the anomalies associated with the deep cyclones in the eastern United
States. It should be noted that despite the lack of large
thermal and moisture anomalies, the Columbus Day
storm of 1962 is the most anomalous October event in
the western United States.
Examining the data by variable (Tables 3) suggested
that many of the top 10 MVARIABLE events could also be
top 20 MTOTAL events. It was also noted that many of
the large height anomalies were associated with heavy
rain and snow events. Virtually all of the anomalous
precipitable water events were associated with significant heavy rain events. Interestingly, the top 10 MTEMP
anomalies were generally associated with significant cold
spells or heavy precipitation events. The absence of significant western U.S. heat waves in the top 10 indicates
that MTEMP values may not be an appropriate approach
for anticipating heat waves in the west. Investigation of
several western U.S. heat waves (e.g., July 2006, July
2005, July 2002, etc.) indicates that positive thermal
anomalies (say, standard deviations of 12 to 13) at 850
and 700 hPa are better indicators of the potential for
extreme heat than is a full tropospheric approach using
MTEMP values. The top 10 wind anomaly events appeared to be associated with heavy rain and severe
weather events. The presence of strong winds increases

VOLUME 25

the likelihood of high shear, a known ingredient in producing strong and long-lived convection. As these weather
systems move into the eastern side of the domain, they
likely are capable of tapping low-level moisture, adding
to the instability favoring severe weather. Farther west
in the domain, strong winds are often associated with
significant moisture flux in active storm environments
and this is known to be correlated with enhanced orographically forced precipitation (Junker et al. 2008).
Examining the monthly top 10 events revealed some
trends in the data and contrasts with eastern North
American events. For example, in HG01, the top 10
January events were all top 20 MTOTAL events, suggesting a bias toward strong winter storms dominating the
larger-scale events. However, in the western United States
none of the top 10 January events was represented in the
top 20 MTOTAL events. The average MTOTAL value for
the eastern U.S. January top 10 was 4.439 compared to
4.191 in the western United States. The lack of significant baroclinicity along the West Coast relative to the
strong baroclinicity along the East Coast may play a role
in this striking lack of top 10 January events making top
20 MTOTAL events. This lack of deep thermal anomalies
was certainly present in the Columbus Day windstorm.
Ultimately, it is the goal of this work to set the stage
for better anticipation of significant and historical events.
It is hoped that the development of the anomaly return
periods will allow forecasters to assess model output
and place the forecast anomalies into perspective with
respect to the relative frequency of their occurrence.
Further understanding of the anomalies associated with
significant historical storms may also enable forecasters
to better anticipate future events. Finally, investigation
of anomalies associated with specific event types (e.g.,
Pacific Northwest windstorms, western U.S. heat waves,
coastal heavy rain events, etc.) may yield additional
clues as to the tropospheric departures that are pertinent
for forecasting these events. Through the examination of
the analyzed anomalies, as well as numerous significant
historical events, it is clear that the lack of significant
synoptic-scale anomalies does not preclude a high-impact
event from occurring on a smaller scale. However, the
presence of large anomalies is generally associated with
significant weather events although they may not have
substantial societal or economic impacts.
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