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INTRODUCTION
The National Weather Service (NWS) is involved in an intensive study of
major California storms. These storms will form the basis for developing deptharea-duration curves in this region t o determine Probable Maximum Precipitation
(PMP) estimates. PMP has been determined for all of the United States and is
detailed in the Hydrometeorological Report series. The current study will result in
Hydrometeorological Report 58 (HMR-58) that will supersede HMR-36. The United
States Army Corps of Engineers (COE) and other agencies responsible for large
dams need PMP t o set dam construction and spillway criteria.
Probable Maximum Preci~itation(PMP) is "the theoretically greatest depth of
precipitation for a given duration that is physically possible over a particular
drainage area at a certain time of year." (Schreiner and Riedel 1978)
Seventeen all-season and ten seasonal California storms are being analyzed
t o determine PMP for California (Figure 1). Although flooding is the motivating
force, the choice of storms is based solely on extreme precipitation. The storm list
is shown in Table 1, the locations shown in Figure 1. Storms are separated into
'all-season' and seasonal storms. All-season storms in California are the largest
storms that could occur. Primary seasons are between November and April,
except for southeast California when July through October is the primary season.
Seasonal storms occur in other times of the year, and define PMP events in months
other than the primary season. Note that the seasonal storms are primarily in
summer and fall.
These storms are commonly .associated with tropical
disturbances or in conjunction with southerly displaced mid-latitude waves.
A more distinct map of the storms used to define PMP in southern California
are shown in Figure 2. The t w o storms that are discussed here are all-season
storms and are the "drivers" for evaluating PMP for southern California. Although
data are far more limited for these t w o storms,'with little upper air information and
other more advanced technological observations, these February 27-March 3,
1938 (Storm 1002) and January 20-24, 1943 (Storm 1003) events are t w o of the
most extreme storms that have ever been observed in southern California.
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Figure 1. California PMP all-season and seasonal storms; location of highest
precipitation and date for each storm.

Table 1.
CALIFORNIA STORM LIST
ALL SEASON
DATE
211-6/1905
1115-18/1906
518-11/1915
111-4/1916
414-7/1926
1218-1211937
2127-3/3/1938
1120-2411943
11/17-21/1950
12121-2411955
1125-2711956
9117-19/1959
1214-611966
1123-2611969
8115-1711977
2116-21/1980
113-5/1982
2114-19/1986

CENTER
08'N8 118
OO'N, 122
45'N8 121
50tN, 121
13'N8 118
51'N'
122
14'N'
117
13'N8 118
0 1 ' ~121
~
36'N8 121
12'N8 117
31'N8 122
00'N'
118
15'N8 117
56'N'
115
06'N'
118
05'N8 122
30fN, 121

02 'W
OO'W
15 'W
35'W
03 'W
43'W
11'W
OO'W
44'W
06'W
30'W
24'W
32'W
30'W
32'W
36'W
05'W
l4'W

STORM #
1000
508
523
525
1001
544
1002
1003
1004
572
1005
1006
1007
1008
1017a
1009
630
1010

SEASONAL

These storms (1002 and 1003) covered most of southern California, with
precipitation amounts in excess of 25 inches in 2 4 hours in the Los Angeles area.
For these t w o early storms, the major components of the analysis - the surface
patterns, winds, available moisture, and orography are presented. We have
analyzed all available data, evaluated the synoptic patterns, prepared isohyetal
maps, mass curves and depth-area-duration (DAD) curves. An example of the
number of precipitation observing stations is shown in the map in Figure 3. These
are stations which have at least 15 years of record by 1993, not necessarily the
stations used for analysis of storms 1002 and 1003.

,

Far more data, such as upper-air observations, are available for more recent
storms, and a short discussion of these storms will also be presented. The upperair patterns and sea-surface temperatures, among other parameters, give a much
more complete picture of the conditions that cause extreme rainfall events. Other
all-season southern California storms such as January 25-27, 1956 (storm 1005);
January 23-26, 1969 (storm 1008); and February 16-21, 1980 (storm 1009) are
also representative of general winter storms that cause heavy precipitation in
southern California. Results from these studies can be generalized t o determine
critical weather patterns for the occurrence of intense precipitation events in
southern California.
As the interest here is primarily in synoptic patterns and repeatability, we
would like t o point out the similarities between these t w o storms (1002 and 1003)
and also their differences. Furthermore, it is important t o determine what makes
these drivers different from more ordinary rainstorms, and of course, can we tell
the difference soon enough to forecast these extreme events. So, what do these
storms have that no other storms have? Location? Moisture? Synoptics?
STORM DISCUSSION
Two of the most extreme precipitation-producing storms in Southern
California occurred in the winters of 1938 and 1943. Both events maximized
precipitation over the mountainous terrain surrounding the Los Angeles basin. The
t w o storms had several striking similarities in overall makeup and rainfall patterns,
however, each also had individual characteristics that set them apart from each
other.
Storm 1002: February 27

- March 4, 1938

The February 27 through March 4, storm of 1938 (Storm 1002) was, in
many ways, a 'typical' winter season storm t o southern California. The synoptic
analysis for Storm 1002 is given in Figure 4a-d and the isohyetal analysis in Figure
5. A blocking ridge centered over Western Canada and a deep trough over the
Eastern Pacific were among the long wave features most important during the
storm period. The ridge extended far t o the north thereby cutting off much of the
flow in that direction. Instead, most of the energy was forced below the ridge into
the west coast of the United States. Over the duration of the storm the ridge
slowly moved off t o the east as the trough dug toward the coast.
T w o strong shortwaves moved through the region during the storm period,
both with their origins in the tropical waters just northeast of Hawaii. The first
wave helped t o set the stage by moistening up the atmosphere and directing the
surface flow t o a
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Figure 4c.
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Figure 4a-d. Surface analysis f o r March 2 , 1938: a) 0441 PST, b) 1041 PST,
c) 1541 PST, and d) 1641 PST. Modified from Pierce, 1938.

78

southwesterly direction. This low was relatively weak providing light to moderate
rainfall over most of southern California. Brief heavy precipitation fell over the
region with an associated slow-moving occluded front.
The front became
stationary near the Mexican border on about March 1. This set the stage for the
front's return as a warm front the next day - March 2.
Late on March 1, southwesterly flow from the second wave was already
mixing with and eroding the cooler air at the boundary defining the occluded front.
The second wave, also having its origins in tropical waters near Hawaii, moved
rapidly northeast into the Oregon coast on March 2. Although the dynamics
associated with convergence at the low pressure center also moved into Oregon
most of the tropical moisture ahead of the occluded front was advected and
concentrated over the southern half of California. Precipitation began falling over
southern California late on March 1. The precipitation, at least initially, was
moderate throughout both valley and mountain locations. The general cause of the
precipitation at the outset was warm frontal overrunning as the maritime tropical
air was forced over the cooler surface air ahead of the front as shown in Figure 4a.
However, once the warm front pushed inland, moist tropical air was forced
abruptly over the mountains, and precipitation in higher elevations became very
heavy as shown in Figure 4b-c. During this period the pressure gradient over
southern California intensified rapidly. The strong southwesterly flow from the
ocean was nearly perpendicular t o the major mountain ranges which caused the
pronounced. orographic effect. Several hours of precipitation greater than 1inchlhour fell in the mountainous area north and east of the Los Angeles basin.
Rainfall in the valley region turned more showery and less intense overall. This
pattern existed for several hours before the cold front finally moved through
cutting off the tropical air and bringing in cooler drier air from the northwest (Figure
4d). Precipitation then became showery slowly tapering off t o nothing late on
March 3. The largest 24-hour amount was found in the San Gabriels with over 21
inches and a storm total (96 hours) of over 38 inches. The highest point value is
encompassed by the 32-inch isohyet shown in Figure 5.

Storm 1003: January 20-24, 1943
The January 1943 storm had a similar long-wave pattern t o the previous
storm with major ridging through western Canada into the central United States.
Initially, this airmass was very cold and strong with a 1056 mb surface high
centered in the Yukon.
This block kept storms from passing into Canada,
detouring them southward into the west coast of the United States. Further
south, the subtropical high was displaced equatorward allowing for mid-latitude
disturbances t o pass further south as well.
The combination o f three low pressure centers acting in concert caused the

extreme precipitation in southern California during this period. The first wave
moved southeasterly from the Gulf of Alaska into northern Washington on January
1 9 and January 2 0 before weakening and progressing t o the east (Figure 6a). This
system by itself caused little precipitation, but the associated cold air advection
behind it set the stage for intensification of the next wave nearing the coast on
January 21. Within 2 4 hours (by January 21) this second low deepened with the
polar air supplied by the first low from 1005 mb t o 973 mb (Figure 6b). The
center of the second wave moved into southern Oregon then continued northeast
rapidly weakening as it moved inland. The third low pressure system began near
the Aleutians and quickly followed the second system and moved onto the
California coast late on January 22 (Figure 6c). It also intensified as it moved
inland over northern California but did not become as deep. It then began to
weaken quickly as it moved northeast (Figure 6d).
During the storm period the flow shifted from the west t o the southwest and
became increasingly warm and moist. Dew points climbed t o the low 60's for a
brief time in southern California late on January 22. Extreme winds accompanied
the second and third low pressure systems all along the coast. As the second
wave moved onshore, record pressure gradients were recorded near San Francisco
and Sacramento (HMR-37, 1962). Correspondingly, winds at the coastal stations
were very strong through the period. The pressure gradient increased with the
approach of both waves as it slowly migrated t o a more southerly position.
Concurrently, the flow in southern California increased.
With such strong and persistent flow feeding into southern California from
the southwest, heavy precipitation fell over a broad region for more than t w o days.
The most prodigious precipitation began early on January 21 in the central part of
the state and slowly worked its way southward as the occluded front associated
with the second low impinged on the coast.
This front then weakened
considerably as the next wave took over and a new occluded front moved toward
the coast. Generally, precipitation over most of the southern half of California was
due t o coastal convergence, instability, and orographic lifting. Flow trajectories off
the ocean were southwesterly and surface stations. in the Los Angeles area
showed southerly winds. With these conditions in place, the situation was right
for extracting an extreme amount of moisture for an extended period.
Similar t o the 1938 event, the most intense rain fell in the mountains north
and east of Los Angeles for a little over 2 4 hours. It began on the evening of
January 22. Heavy precipitation fell as the occluded front associated with the
third l o w approached California. The largest 2 4 hour amount

recorded was over 26 inches at Hoegee's Camp and a storm total (96 hours) of
over 3 6 inches. The highest precipitation values is within the 32-inch isohyet
shown in Figure 7.

DISCUSSION

Both storms had similar characteristics in their long-wave pattern with a
blocking ridge over the continent and a trough in the eastern Pacific (deep Aleutian
low). Each event combined multiple waves of low pressure onto the West coast
over a relatively short period. Each storm tapped tropical energy (moisture and
heat) as it moved through the Pacific. Pressure gradients, associated with the
deepening low pressure systems, were very strong and in the case of the 1943
storm unprecedented. This led t o extended periods of southwesterly flow with
tropical air feeding into southern California.
Precipitation maximized in the
orographic regions around the Los Angeles basin due t o the flow being practically
perpendicular t o the mountain regions. lsohyetal patterns are quite similar with the
highest values occurring in the mountains surrounding Los Angeles.
Storm
maximums were separated by less than 50 miles.
Other extreme precipitation events affecting southern California include the
storms of January 1956 (10051, January 1969 (1008), and February 1980
( 1009). These storms too exhibited similar meteorological characteristics as those
previously discussed. Each storm sequence included more than one low-pressure
system that rotated around a long-wave trough in the eastern Pacific. Both
moisture and heat were advected north and east from the subtropics into California
in each case. Strong southwesterly flow from the surface t o 300 mb is prevalent
throughout each case with a southerly displaced jet stream over California. Rarely
did the surface low-pressure centers move into southern California in these
extreme events; instead, the centers moved to the north with trajectories through
northern California and Oregon. The trailing front (either occluded or cold) tended
t o move in such a manner t o allow tropical air t o advect ahead of it where the
excessive amounts of precipitation fell. Long-wave patterns, however, were not
the same in each case. With the t w o earliest events (1938 and 1943), blocking
highs were noted over the continent. In the three later storms, blocking normally
took place over the Pacific ocean between 180 and 1 5 0 degrees west.
Flow was diverted north and south around the Pacific block resulting in split
flow over the eastern Pacific. This allowed waves traveling along the southern
branch t o intensify as the

Figure 6a. January 20

Figure 6b. January 21
Figure 6a-b. Surface analysis for January 20-21, 1943, 0430 PST. From HMR 37,
1962.
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Figure 6d. January 23
Figure 6c-d. Surface analysis for January 22-23, 1943, 0430 PST. From HMR 37,
1962.

polar air associated with them encountered the tropical waters to the south.
Another feature common to these storms is the displacement or weakening of the
subtropical high which normally makes its presence felt in California. Since upperair data are rare in 1938 and 1943, especially over the Pacific ocean, the pattern is
essentially unknown. A block further out over the ocean is a distinct possibility.
It appears as if some common aspects of the most extreme precipitation
events can be identified. These aspects include:

a blocking pattern which cause mid-latitude waves t o detour far enough
south t o encounter tropical energy,
more than one wave that follow in rapid succession, with about 24-hour
leeway betwee.n systems,
a prolonged and strong southwesterly fetch from a tropical moisture source
directly into southern California with little or no interruption,
a predominate wind direction which is perpendicular to the orographic
orientation, and thus causing similar isohyetal patterns.
One aspect not addressed is the effect of sea surface temperatures on the
available moisture field. It can not be stated definitively whether El NinoISouthern
Oscillation events help or hinder extreme precipitation events or even that greater
than normal SST1s in the source region lead t o these storms. Further study needs
t o be made into causal relationships with extreme storms. It is hoped that some of
the above similarities can be used as predictive tools t o enhance forecasts, at least
in the short period. Other aspects, such as blocking patterns, may be noticed well
ahead of a storm event and be a useful tool in identifying conditions leading t o
extreme precipitation events.
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