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Hydrometeorological Report No. 59 - Probable Maximum Precipitation for California,

U.S. Department of Commerce, National Oceanic and Atmospheric Administration;

U.S. Department of the Army, Corps of Engineers, February 1999.
Incorrect entries have been discovered in four tables in HMR 59. The corrections are as follows:

1. Table 8.2 (page 103) and Table 13.3 (page 250) contain the same information.

Portions of Tables 8.2 and 13.3 are garbled. Only the Midcoastal and Central Valley segments of
these tables are involved. Replace the Midcoastal and Central Valley sections with the following:

All-season depth-area relations for California by region.
Midcoasial

Area (mi?) 1hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 100.00 100.00 100.00 100.00 100.00 100.00

50 87.50 88.75 90.00 91.00 92.00 93.00

100 81.75 83.75 85.50 87.00 88.50 90.00
200 75.75 78.25 80.50 82.50 84.50 86.25
500 67.50 71.00 73.50 76.00 78.50 80.50
1000 60.75 65.50 68.00 70.50 73.00 75.50
2000 53.00 58.50 61.50 64.00 67.00 70.00
5000 38.00 44.50 48.50 52.00 55.00 59.00
10000 25.00 34.00 38.00 42.00 45.00 49.00

Central Valley

Area (mi?) 1hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 100.00 100.00 100.00 100.00 100.00 100.00

50 84.50 87.25 89.50 91.50 92.75 94.00

100 77.25 81.00 84.00 86.50 88.50 90.50
200 70.00 74.50 78.00 81.00 83.00 85.00
500 59.75 64.75 68.75 72.00 74.50 77.00
1000 51.00 56.50 61.00 64.50 67.00 69.50
2000 41.00 47.50 52.00 55.50 58.50 61.50
5000 27.00 33.75 38.50 42.00 45.25 48.50
10000 14.00 21.00 26.00 30.00 33.00 36.50
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2. Table 8.7 (page 123) and Table 13.5 (page 255) contain the same information.
Tables 8.7 and 13.5 define seasonally adjusted areal reduction factors for the Midcoastal region.
The incorrect entries there are for all area sizes BUT ONLY for the 5-month offset segment and

ONLY at the 72-hour duration (right-most column of the segment).

The following segment should replace that portion of Table 8.7 (page 123) and Table 13.5
(page 255) dealing with the 5-month offset:

— .

Seasonally adjusted areal reduction factors for the Midcoastal region.
Offset 5 Months

Area (mi’) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000

50 0.842 0.879 0.897 0.915 0.936 0.955

100 0.757 0.809 0.832 0.855 0.872 0.888
200 0.664 0.730 0.765 0.787 0.808 0.824
500 0.539 0.614 0.650 0.679 0.705 0.722
1000 0.434 0.526 0.556 0.587 0.615 0.643
2000 0.331 0.427 0.461 0.493 0.526 0.557
5000 0.196 0.289 0.325 0.364 0.396 0.431
10000 0.110 0.194 0.228 0.267 0.299 0.333
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PROBABLE MAXIMUM PRECIPITATION
FOR CALIFORNIA

P. Corrigan, D.D. Fenn, D. R. Kluck, and J. L. Vogel
Hydrometeorological Design Studies Center
Office of Hydrology
National Weather Service

ABSTRACT

This study provides estimates of general-storm probable maximum precipitation
(PMP) for drainages in the state of California for durations of 1 to 72 hours, for areas of
10 to 10,000 mi®, and during any month of the year. The report also provides estimates of
local-storm PMP for durations of 15 minutes to 6 hours in drainages of 1 to 500 mi’.
Step-by-step procedures are given along with example calculations.

Comparisons are made to its predecessors, Hydrometeorological Report No. 36
(1961) and Hydrometeorological Report No. 49 (California area, 1977); to extreme
precipitation values from major storms in California; to record-setting rainfalls at individual
locations; and to 100-year rainfall frequency values from NOAA Atlas 2 (1973). The
comparisons indicate that the PMP estimates of this report are consistent and reasonable.

A computerized storm analysis scheme was developed and implemented to examine
31 major storms. Updated maximum persisting dewpoints and sea surface temperatures
were used in the storm analyses. Many of the calculations, comparisons, and analyses
involving spatial relations were facilitated by using a geographical information system
(GIS). The plates accompanying the report and all of the figures are digital products.






1. INTRODUCTION

1.1 Background

Generalized estimates of probable maximum precipitation (PMP) for Pacific Ocean
drainages of California were first published by the National Weather Service (NWS) as
Technical Paper No. 38 in 1960, and followed by Hydrometeorological Report No. 36
(1961), which was printed with revisions in October 1969. PMP estimates were provided
for general storms from October through April. General-storm estimates of PMP for
southeast California (mostly desert) were presented in Hydrometeorological Report No. 49
(1977). Hydrometeorological Report No. 49, which examined the Colorado River and Great
Basin Drainages, also provided estimates of local-storm PMP for all of California. None of
the reports provided general-storm PMP estimates for most of northeast California. In this
report, publications in the Hydrometeorological Report series, such as Hydrometeorological
Reports No. 36 and 49, will be abbreviated as HMR 36 and HMR 49.

HMR 36 used a mass-conservation model as a primary tool to develop estimates of
general-storm PMP in topographic regions, but was unable to account for local convergence,
convection, and synergistic effects caused by natural upper-level seeding of low-level clouds
in orographic regions (Browning 1980, Hobbs 1989). This last effect is sometimes called
the seeder-feeder effect. It is caused by convergence of moisture and upward vertical
motion on the windward side of a mountain, with precipitation from the upper levels seeding
and feeding (enhancing) the lower levels, resulting in increased precipitation on the ground.
Presently, no numerical model of atmospheric processes can completely replicate orographic
precipitation, especially quantitative amounts, in a reliable manner, especially for extreme
general storms (Cotton and Anthes 1989, Katzfey 1995).

HMR 57 (1994), a recent PMP study for the Pacific Northwest, showed some major
differences between general-storm PMP estimates at the California-Oregon border, and
local-storm values, especially in the western half of California. In addition, some intense
storms that occurred since the publication of HMR 36 had many precipitation amounts that
approached, and in a few instances surpassed the PMP estimates given in HMR 36. As a



result, it was decided that PMP estimates for California needed to be examined using new
storm data and new techniques for an orographic region, which uses storms as the basis for
establishing PMP.

Due to continued and strong interest in the operational products (maps, tables,
diagrams, etc.) and techniques developed in this study, expressed to the
Hydrometeorological Design Studies Center by some within the hydroelectric and
hydrometeorological community, it was decided to present the calculation procedures in a
separate report, HMR 58 (1998), prior to release here. Chapter 13 and Appendix 4 of HMR
59 constitute the preponderance of material in HMR 58. Chapters 2 through 9 of the present
report provide the rationale for the computational procedures described in HMR 58.

1.2 Authorization

The authorization to develop new PMP estimates for California was given by the
United States Army Corps of Engineers Office of Civil Works. Funding for this work was
received from the United States Army Corps of Engineers and the Corps of Engineers Los
Angeles District Office, South Pacific Division. Appropriations supporting the National
Weather Service (NWS) effort were provided through a continuing Memorandum of
Understanding between the NWS and the Corps of Engineers (COE). The Bureau of
Reclamation (BOR), through its Flood Hydrology Group in Denver, provided insight, ideas,
and reviewed the work throughout the study, giving many helpful suggestions and
comparisons.

Many review meetings were held from 1992 to 1997 to share the progress being made
in the development of California PMP estimates. Regular attendees, known as the Federal
Interagency Team, were representatives of the COE (Office of the Chief Engineer, South
Pacific Division, and the Los Angeles and Sacramento Districts of the South Pacific
Division), BOR, Federal Energy Regulatory Commission, and the NWS. Many comments
and suggestions made by this group improved the final estimates presented in this report.

1.3 PMP Definition and Philosophy

The PMP definition used for this report was given in HMR 55A (1988) as
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“theoretically, the greatest depth of precipitation for a given duration that is physically
possible over a given storm area at a particular geographical location at a certain time of the
year.” This is slightly different from the previous definition (American Meteorological
Society 1959), which was used in HMR 36. The HMR 36 definition stressed that the
estimate was for a particular drainage area. The current definition is more generalized, and
emphasizes the control the atmosphere has over a broad geographic region. At the same
time, the techniques from this report provide estimates of PMP for specific basins.

Intense storms are the building blocks of PMP estimations (Schreiner and Riedel
1978, Hansen et al. 1988, Vogel 1993, Hansen et al. 1994). Precipitation totals from the
most intense storms of a region represent the lowest potential levels of PMP, and provide
a first measure of an optimum set of atmospheric moisture and dynamics that can produce
intense precipitation rates and amounts. A basic assumption is that the record of intense
storms is sufficiently large that an efficient storm mechanism has been identified, but the
observed storms have not attained the optimum moisture and energy levels necessary to
produce a PMP event (Showalter and Solot 1942, Cudworth 1989).

The atmospheric conditions considered important to the formation of storms used in
the estimation of PMP are: 1) abundant atmospheric moisture, 2) an efficient precipitation-
producing mechanism, and 3) an intense storm system. Another assumption is that there is
a sufficiently large catalog of such storms to describe the optimum storm mechanism for
producing a PMP event. However, even though about 100 years of intense storm
information is available, such storms have not been observed over all areas of a region. To
overcome this lack of storms, three important tools are used in the estimation of PMP:
moisture maximization, storm transposition, and envelopment.

Both moisture maximization and storm transposition consider the moisture content
of the atmosphere and the efficiency of the storm mechanism that produces the precipitation.
Moisture maximization is the process by which extreme observed precipitation is increased
to a value consistent with the maximum potential moisture in the atmosphere for that storm
location at that time of the year. A ratio is formed between the maximum moisture the
atmosphere could hold at that time of the year and the actual moisture observed in the storm,
and becomes a multiplier of the precipitation. This assumes that the storm would produce

precipitation at the same efficiency.



Storm transposition is the relocation of the precipitation from an intense storm to
another area that is climatically and geographically homogeneous with regard to extreme
precipitation. Again, because of the inadequate sample of intense storms, it is necessary to
assume that an extreme storm can be moved from its original location to a region in which
climatology shows that similar storms, possibly of lesser intensity, could occur. This
assumes that at least one storm in the sample has achieved maximum precipitation
efficiency.

Envelopment is required because even some of the most intense storms have not
reached maximum intensity over all areal sizes and durations. As a result, more than one
storm is used over a region to define the temporal, areal, and seasonal distribution of PMP.
During PMP development, where envelopment occurs, every effort is made to keep
envelopment of values to a minimum. The method is primarily used to keep discontinuities
to aminimum. In some instances there are areas where no major storms have been recorded.
In such cases, it is necessary to infer PMP characteristics between regions, and this is done
by smoothing gradients from one region to another.

The PMP storm for a region is considered the upper limit of precipitation. Moisture
maximization, storm transposition, and envelopment are tools that provide estimates of the
upper limits of precipitation for a region from intense storms. However, the remaining
procedures used to develop a PMP design storm do not maximize the other factors involved
in the estimation of these potential storms. Moisture is maximized, but other factors are
allowed to act in a lesser manner, so that an unreasonable compounding of extremes does
not occur. These procedures produce a PMP design storm. For orographic regions, only
that portion of the precipitation that can be considered non-orographic is transposed. No
attempt 1s made to transpose the orographic components of a storm.

1.4 California Terrain and Climate Influences

California provides several interesting challenges for estimating PMP. First, there
are a complex series of mountains and valleys. Often the mountains act to enhance
precipitation, but sometimes they shield areas from intense precipitation, and precipitation
on the lee side quickly decreases. Both of these effects must be considered. Precipitation
in the Central Valley behaves very differently than the rains in the surrounding orographic
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regions. Furthermore, the rainfall in the northern and southern parts of the Valley has quite
different influences on it, depending upon the season. The most intense storms in the Pacific
drainage region occur during winter. However, southern California is also affected by
decaying tropical storms that form off the western coast of Mexico and move into the region.
Over the desert areas of southeastern California the maximum PMP is caused by decaying
tropical storms from July through September. Further challenges occur because the warm
season produces severe local storms over all of California. These storms produce intense
heavy rains over areas of 500 mi’ or less and occur in 6 hours or less. Such estimates are
especially important over small basins. Like the Pacific Northwest, California has varied
sets of terrain, storm, and climatic relations that makes the estimation of PMP, or any other
climatic factor a challenge.

1.5 Scope of Study

The entire state of California is considered in this study. HMR 36 only developed
general storm PMP estimates for the Pacific drainages. As a result neither Northeast nor
Southeast California were considered. General storm PMP estimates for the desert regions
were defined in HMR 49. The only generalized PMP that was previously defined for
Northeast California was compiled by Riedel (1985). Local-storm PMP for California was
not defined in HMR 36, but was included in HMR 49. For this report estimates of PMP for
both general and local storms are provided.

General storms are major synoptic events that have intense precipitation for durations
from 6 to 72 hours or longer, and cover areas greater than 500 mi®, often more than
10,000 mi®. Local storms occur individually or are embedded in a larger storm system, and
are characterized by intense precipitation in 6 hours or less and over 500 mi’ or less. Most
often these rains occur in thunderstorms. Observations indicate that both general and local
storms can occur anytime of the year. However, general-storm precipitation maximizes
during the winter months; maximum local-storm rainfall occurs most often during the
warm months. In the Southeast desert, the dominant general storms are decaying tropical
storms that occur from July through October. Over the Pacific drainages of California, local
storms very seldom occur during the height of summer (July and August).

It was agreed by the Federal Interagency Study Team that the PMP general storm
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estimates would be limited to 72 hours or less and the areal coverage would be 10,000 mi’
or less. Local-storm rainfall would be limited to areas of 500 mi® or less and durations of
6 hours or less. General-storm PMPIndex maps (Plates 1 and 2) give the all-season
estimates. Methods to obtain seasonal estimates for general storms are provided in
Chapter 13. Local-storm estimates of PMP are given in Chapter 9, Figure 9.23 (same as
Figure 13.21), and the method to obtain estimates of the local-storm 1-hour PMP are given
in Chapter 13.

1.6 Method of Study

General and local all-season PMP estimates and their seasonal variation were
determined primarily by an intense study of extreme storm events that have occurred over
California and nearby states with similar climatic regimes. In addition, climatic studies of
various precipitation-related parameters were also performed. General-storm PMP estimates
were developed using the storm separation technique. This technique was originally
developed and used in the area between the 103rd Meridian and the crest of the Rocky
Mountains in HMR 55A, and then again for the Pacific Northwest HMR 57. The storm
separation technique provides a way of maximizing and transposing storms by separating
the dynamically-forced precipitation from the orographically-forced precipitation. This
allows only the dynamic part of the precipitation to be maximized and transposed to other
regions.

Extreme storms of record are used for this analysis. The precipitation in these storms
is divided into convergence (non-terrain influenced) and orographic (terrain-influenced)
components. The convergence component of precipitation in a storm, that part of
precipitation due to atmospheric forcing, is used to estimate the convergence PMP within
the region where this storm occurred. This is the value that is maximized and transposed.
The orographic component of the storm is not used to compute the total PMP in other parts
of the region. Rather the total PMP is established by defining an orographic factor or ratio
(T/C), which is derived from the 100-year, 24-hour maps of NOAA Atlas 2. The T is the
Total storm precipitation at a point, while C represents the Convergence component, or that
part of the precipitation that would be expected if there were no orographic component. If
there is no orographic component acting on the precipitation at a point, then T/C is equal to
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one. The storm separation analysis procedure 1s summarized in Chapter 6, and fully
described in HMR 55A and HMR 57.

Many of the calculations, comparisons, and analyses involving spatial characteristics
of PMP were performed via computer. A geographic information system (GIS) called
GRASS (Geographical Resources Analysis Support System), was used extensively
throughout the study to create maps which could then be combined with other maps
(GRASS Version 4.0, Users Reference Manual, U.S. Army Corps of Engineers,
Construction Engineering Research Laboratory, Champaign, [llinois, 1991). The process
consisted of digitizing isolines which are considered vectors in a GIS. Vectors are the
computer interpretation of an isoline. An interpolation between vectors forms a continuous
field of values called a raster field in which each point (or raster) on the map has a value.
Sometimes the individual rasters are called cells or raster cells. Each raster cell was a 15
second by 15 second region (about 0.08 mi®) and had a interpolated value related to it.
Raster fields or layers can be manipulated mathematically with other layers covering the
same geographic region, usually by multiplying or dividing one layer by another. The final
PMP Index map was produced from many such calculations and combinations of raster
layers. It was found that the GIS was very useful in expediting preparation of the many
maps that would have taken much more time to produce manually.

1.7 Peer Review

In the past, peer review of these reports was limited to personnel in the
Hydrometeorological Branch and the Joint Study Team. Interestin PMP has grown over the
years because of the National Dam Inspection Act of 1972, which required certain dams to
meet safety standards imposed by PMP events. Asaresult, many more people are interested
in PMP analysis, as evidenced by a number of conferences and studies: Australian National
Committee on Large Dams 1988; Federal Emergency Management Agency 1990; National
Research Council 1985; National Research Council 1988; National Research Council
1994; Office of Water Data Coordination 1986. This report was submitted to and reviewed
by the following: Catalino Cecilio, Robert Collins, Dennis Marfice, Douglas Morris, John
Riedel, Maurice Roos, Louis Schreiner, Ronald Spath, and Richard Stodt. The following
individuals from the U.S. Army Corps of Engineers provided valuable insights and guidance
during review of this report: Earl Eiker, Richard DiBuono. Frank Krhoun. We extend our
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sincere appreciation for the competent and constructive reviews given by all reviewers. It
is hoped that this report has been strengthened by the inter-action with such a cross section

of the hydroelectric and hydrometeorologic community.
1.8 Report Organization

Chapters 2 through 8 present discussions of procedures and data used to obtain
general-storm PMP estimates for California. Chapter 9 provides background, storms, and
procedures used to develop local-storm PMP. Chapter 10 gives comparisons of general-
storm PMP for individual drainages between HMR 36 and the present study. Chapter 11
contains comparisons to other HMR 36 PMP estimates, the 100-year return-frequency
precipitation event, other adjoining PMP studies, and observed extreme rainfall amounts in
California. Chapter 12 provides conclusions and recommendations from this study, and
Chapter 13 presents the computational procedures, with examples. As mentioned in
Section 1.1, Chapter 13 and Appendix 4 are the essential contents of HMR 58.

References follow the computational procedures in Chapter 13. Appendix 1 provides
depth-area-duration tables of storms used in this study. Appendix 2 gives a discussion of
the storms and their precipitation mechanisms that caused the intense rainfalls. Appendix
3 contains a list of 137 local storms. Appendix 4 contains information and all tables
necessary to compute the snowmelt associated with a PMP storm. Appendix 5 reproduces
information about the storm separation method from earlier hydrometeorological reports.

1.9 Definitions
All-season. The largest or smallest value of a meteorological variable without regard to the
time of the year it occurred. In this report, the largest PMP estimate determined without

regard to the time of the year it may occur.

Among-storm. A storm characteristic determined when values of various parameters may

be determined from different storms. For example, a 6-hour/24-hour ratio, where the 6-hour
value is taken from a different storm than the 24-hour value.
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Atmospheric Forces. The forces that result only from the pressure, temperature and

moisture gradients and their relative changes with time over a particular location.

Barrier Elevation. The height assigned to a location which reflects the presence (or

absence) of terrain features that have a significant effect on the broad-scale moisture flow
and precipitation processes.

Basin Shape/Drainage Outline. The physical outline of the basin as determined from

topographic charts or field survey.

Dewpoint. The temperature to which a given parcel of air must be cooled at constant
pressure and constant water-vapor content in order for saturation to occur.

Envelopment. The process of selecting the largest value from any set of data. By so doing,
consistency 1s maintained among charts depicting data for a variety of area sizes or
durations.

Generalized. When used as an adjective to modify names such as PMP or estimates or
charts, itis to be taken in the sense of comprehensive, i.e., pertaining to all things belonging
to a group or category. Thus, a generalized PMP map for a specific area and duration
defines PMP for all points in the region; no location is excluded.

General Storm. A storm event which usually produces precipitation over areas larger than
500 mi” and durations longer than 6 hours, and is associated with a major synoptic weather
feature.

Implicit Transposition. The regional, areal or durational smoothing used to eliminate the
discontinuity created (during transposition of non-orographic components of precipitation)
by limitations of storm history, quantity and quality of observations, and transposition
boundaries.
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Individualized. As applied to drainage estimates, indicates studies for specific drainages

that include considerations for possible local influences. In the sense of applications to
specific basins, it is commonly implied that information obtained from a generalized study
will be processed and result in specific drainage-averaged values.

Local Storm. A storm event restricted in time and space. Precipitation rarely exceeds
6 hours in duration and the area covered by precipitation is less than 500 mi®>. Frequently
local storms will last only 1 to 2 hours and precipitation will occur over only 100 or 200 mi®.
Precipitation in local storms is considered isolated from general-storm rainfall.

Probable Maximum Precipitation (PMP). Theoretically, the greatest depth of precipitation

for a given duration that is physically possible over a given storm area at a particular
geographic location at a certain time of the year.

Spatial Distribution. The geographic distribution of PMP for a storm area based on a storm

with an idealized pattern.

Storm-centered. A characteristic of a storm that is always determined in relation to the

maximum observed value in the storm as compared to the same factor for some other
duration and/or area of the storm. For example, a storm-centered depth-area ratio relates the
average depth over some specific isohyetal area of the storm to the amount at the storm
center.

Temporal Distribution. The order in which incremental PMP amounts are arranged within
the PMP storm.

Within-storm. A storm characteristic determined when values of various parameters are
required to be from the same storm. For example, a 6-hour/24-hour ratio where the values
for each duration are always selected as the maximum values for the particular duration in
the same storm (see also Among-storm).



2. SIGNIFICANT GENERAL STORMS

2.1 Major General Storms of Record

A review of storms was performed to determine the largest precipitation events on
record. Various data sources were examined to create a master list of storms in the period
from about 1900 to 1990. Initially, the United States Corps of Engineers (USCOE) Storm
Rainfall Catalog (USCOE 1945-) provided a foundation for much depth-area-duration
(DAD) data information. Most of the older storms (1901-1945) came from this Storm
Catalog, while Bureau of Reclamation and National Weather Service files were used to
supplement the list. In an effort to define other important storms, a search was made of
digital rainfall data from California, and were compared to the 100-year, 24-hour
precipitation frequency of NOAA Atlas 2 (1973). Individual amounts from stations were
put in chronological order to define other potential storms. In addition, extreme storms
identified by Goodridge (1992) were examined to uncover other potential storms. Finally,
those storms used in HMR 36 (1961), HMR 49 (1977), and HMR 57 (1994) were reviewed
to assure continuity between studies as far as the storm sample was concerned.

These storms were primarily general storms; they had durations of 12 hours or more,
and precipitation was widespread as a result of a major synoptic-scale disturbance, such as
a low pressure system, strong frontal activity or remnant tropical moisture from a decaying
tropical system. Other short-duration (6 hours or less), small-area (less than 500 mi?) storms
were considered for local-storm analysis, and are discussed in Chapter 9. The general storms
are listed in Table 2.1, and geographic distribution of all but three are shown in Figure 2.1.
Five of these storms: December 1921 (40), December 1937 (88), November 1961 (149),
December 1980 (175), and June 1958 (1013) occurred outside of California, but within a
few degrees north. Of these five storms, three (40, 88, and 175) are north of the region
shown on Figure 2.1. The latitudes and longitudes indicated in Table 2.1, are for the
maximum point rainfall for the storm.

A number of storms from Figure 2.1 are centered just north and east of Los Angeles
in the San Gabriel - San Bernardino mountains, and another storm group is located in the
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Table 2.1. California general and seasonal storms.

Storm Date Latitude Longitude Barrier 24-hr/10-mi? Area (mi%)/
Number Elevation (ft) | Precipitation (in) Duration (hr)
40 12/9 - 12/1921 48°01" -121°32' 3200 8.58 27253172
88 12/26 - 30/1937 44°55' -123°38' 1500 10.76 13869/96
126 10/26 - 29/1950 41°52' -123°58" 2000 15.84 80511/72
149 11/21 - 24/1961 42°10' -123°56' 2700 10.90 20850/48
156 12/19 - 24/1964 41°52 -123°40' 2500 16.23 1932/72
165 /11 - 18/1974 41°08' -122°16' 1900 10.63 2272172
175 12/24 - 26/1980 44°55' -123°%44' 1400 9.22 24865/48
508 1/15 - 19/1906 39954 -121°34' 2600 14.77 10000/84
523 5/8 - 10/1915 40°42' -122°26' 1800 10.51 20000/72
525 1/1 - 4/1916 39748’ -121°36' 2000 10.12 30000/72
544 12/9 - 12/1937 40°11 -121°26' 5500 15.29 20000/72
572 12/21 - 24/1955 37°59° -119720° 10500 13.42 30000/72
575 10/11 - 13/1962 40°02' -121°29 5500 19.71 10000/96
630 1/3 - 5/1982 37°05" -122°01" 950 20.65 20000/60
1000 2/1 - 6/1905 34°30 -119°10° 3000 9.34 20000/96
1002 2/27 - 3/3/1938 34°14 -117°32 4400 20.25 20000/96
1003 1/20 - 24/1943 3412 -118°03 2100 22.90 30000/96
1004 11/17 - 21/1950 39°08' -120°20' 6900 11.90 20000/102
1005 1/25 - 27/1956 34°13 -117°31" 3900 11.45 10000748
1006 9/17 - 20/1959 40°43 -122°16' 1000 17.83 30000748
1007 12/4 - 6/1966 36°17 -118°36' 8000 21.69 30000/54
1008 1/23 - 26/1969 34°13% -117°35 5500 19.07 20000/80
1010 2/14 - 19/1986 39°54° -121°12 5200 18.12 30000/120
1011 9/25 - 26/1939 34°16' -118°04 2500 10.08 5000/42
1012 5/18 - 19/1957 39°57 -121°27 5200 7.23 20000/60
1013 6/1 - 2/1958 42°15' -123°25" 3500 433 5000748
1014 7/8 - 10/1974 38°50 -120°41° 2100 6.85 10000748
1015 8/13 - 16/1976 40°43' -122°16' 1200 5.11 10000/48
1016 9/9 - 11/1976 34°20' -117°03" 6000 15.10 20000/48
1017 8/15 - 17/1977 3450 -115%41 3600 5.70 20000/60
1018 7/27 - 29/1984 34°58' -1135°31" 3900 5.79 20000/36
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northern Sierra Nevada mountains. Inboth locations terrain features served to focus and
enhance precipitation in the passing storms. It is also true that, at least around Los Angeles,
the raingage density is relatively high compared to the rest of the state. At the same time,
there are immense areas where few storms are recorded due to a lack of systematic raingage
records, most notably in the deserts of eastern California. Furthermore, many of the heavy
rainfalls in the Central Valley are associated with storms centered in orographic regions.

2.2 Storm Data Analysis

Animportant part of the procedure to develop probable maximum precipitation (PMP)
estimates is the analysis of the major storms in Table 2.1. Analysis includes: collecting
precipitation data from various sources; applying quality control that identifies incorrect data;
handling missing data; and compiling the data into a format for automated processing. The
inclusion of a synoptic weather analysis for each storm is important to understand the timing
and precipitation pattern for each storm. The synoptic analysis for each storm examines the
surface and upper-air features, precipitation, and dewpoints and/or temperatures pertinent to
the storm. Appendix 2 provides excerpts from the synoptic analyses for the most significant
storms. Some of the other storms are discussed in HMR 36 and HMR 57.

The objective of the storm analysis was to obtain DAD information upon which to
base PMP estimates, as well as generalized relations for other areas with similar climatic and
topographic characteristics. The DAD information was used in the storm-separation process
in Chapter 5, Section 5.4, and for the derivation of enveloped regionalized DAD relations in
Chapter 8, Section 8.2. The numbers associated with the storms were assigned in no
particular order. They are reference numbers that have been given to storms for filing and
tracking purposes only. Storms with numbers less than 1000 were storms used in the
derivation of PMP for the Pacific Northwest (HMR 57). Numbers greater than 1000 are an
internal Hydro-meteorological Design Studies Center ordering system. All storms from
Table 2.1 were analyzed to obtain DAD relations. In some cases, previously published
pertinent data sheets, from the Storm Rainfall Catalog (USCOE 1945-), were re-analyzed.
The procedure used to determine DAD for each of the storms is described in Chapter 5.



2.3 Characteristics of Wintertime and Summertime Extreme Storms

The analysis of synoptic weather relations for a PMP study is similar to the analysis
used in the preparation of a weather forecast. Synoptic knowledge is applied to transpose
storms and to regionalize DAD relations. The information required to calculate PMP for a
region, does not depend directly on special insights about synoptic (or any other) scale
atmospheric patterns, but is used to define the extreme storm types of a region and the
generalized relations for similar regions.

The characteristics of various synoptic patterns associated with major precipitation-
producing general storms in California are well-recognized and understood, and were
described for all but southeast California in HMR 37 (1962). In 1981 the meteorology of
important rainstorms was published in HMR 50 (1981) for the southwestern United States,
and included storms from southeast of California. HMR 50 provides a thorough discussion
of the observed and hypothesized sets of atmospheric patterns associated with extreme
precipitation. Since publication of these reports, knowledge of the associations between
weather and the structure of cyclonic storms and fronts has been much improved, e.g.,
Browning et al. 1973, Hobbs 1978, Shapiro and Keyser 1990, Martin et al. 1995. This
increased understanding has provided added insight into the atmospheric structure for use in
transposition and regionalization of storms.

A distinction 1s made in HMR 37 between summertime tropical and convective-like
PMP storms, and wintertime orographic and convergence combined with convection PMP
storm. This distinction remains relevant today. The summertime storms establish the annual
or all-season levels of PMP for southeastern California; the wintertime storms set the upper
limits for precipitation for the remainder of California. The conclusions related to the
optimum wintertime atmospheric features expressed succinctly in HMR 37, have withstood
the test of time. There is a basis to conclude:

“that in the optimum storm, the band of high moisture transport has a degree of both
persistence and stability of position which concentrates storm orographic precipitation totals.
To this is added the conclusion that convergence precipitation characteristic of this storm
may be centered within this band and that the most intense convergence precipitation may
occur simultaneously with that of orographic precipitation.”
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Information from major storms occurring since 1962, remote-sensing data defining the storm
environment, and storm simulation via numerical modeling have not changed or undermined
these conclusions. The wintertime optimum conditions can be found everywhere except
southeast California in varying degrees of strength and complexity. This is the basis for
having only marginal differences in the DAD relations for all regions of the state except for
the Southeast and to a lesser extent the Central Valley. These matters are discussed again in
Chapters 6 and 7.

The atmospheric characteristics for all-season PMP storms in southeastern California
were summarized in HMR 50. These characteristics include: 1) greater than customary
amounts of moisture available for precipitation preceding the PMP storm, 2) maximum or
near maximum values of sea surface temperatures off the west coast of Baja California, 3) an
optimal track (both direction and speed) for tropical cyclones approaching southeastern
California, and 4) an interaction with a digging and deepening cold trough or low pressure
system aloft after the tropical cyclone arrives. However, not all of these features have been
observed and recorded in southeastern California, but have been observed in Arizona. Inthe
optimum PMP case these conditions could be assembled anywhere in southeastern
California.
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3. TERRAIN

3.1 Introduction

The climate and terrain of California are highly varied. The orographic complexity
is largely responsible for the broad range of precipitation across the state. For example,
Mount Whitney at 14,494 feet above sea level (ASL) in the Sierra Nevada is the highest
mountain in the contiguous 48 states, and Badwater basin at 282 feet below sea level in
Death Valley National Park is the lowest elevation in the United States. Several major
mountain chains and many smaller ridges cover much of the region. Three notable
mountain chains, the Sierra Nevada, the Coastal Range, and the San Gabriel-San Bernardino
mountains have an especially important impact on precipitation. The Sierra Nevada chain
has some of the highest mountains in California, with elevations surpassing 10,000 feet
ASL, and runs north-south along the Nevada border. The Coastal Range, a much lower
conglomeration of mountains ranging from 3000 to 6000 feet ASL, stretches the length of
California along the Pacific Ocean with only minor breaks. Finally, the San Gabriel-San
Bernardino mountains lie just north and east of the Los Angeles metropolitan area, with
elevations above 10,000 feet ASL.

Surrounded by the various mountain ranges, the Central Valley extends from the
Sacramento River basin in the north to the Imperial Valley in the south. Other notable low-
level areas are found near Los Angeles and San Diego, nestled into areas bounded by
mountains or the Pacific Ocean. Southeast California lies east of the major mountain areas,
but contains a number of minor ridges and valleys. Another area of interest is the Salton
Sea, surrounded by low-lying mountain ridges (3000 to 4000 feet) with some peaks to the
west above 6000 feet ASL. Overall the mountains, valleys, and the Pacific Ocean make the
climate of California unique and varied. Figure 3.1 shows the principal mountain ranges

and major low-elevation areas in California.
All three mountain ranges block in substantial ways the dominant westerly

or southwesterly moisture inflow. This leads to greatly enhanced precipitation
along the windward side of these ranges and rainshadow effects downwind. Some of these
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characteristics are shown in the mean annual precipitation map (National Climatic Data
Center 1992) in Figure 3.2. Average annual totals exceeding 70 inches are observed in the
Sierra Nevada and along the Coastal Range in northern California. Average annual
precipitation values exceeding 40 inches are found in the San Gabriel-San Bernardino
mountains to the south. Note the relative lack of rainfall in the lee of orographic terrain. A
large portion of California in the Central Valley and southeast California has yearly averages
of less than 10 inches of rainfall. While Figure 3.2 includes the latest data updates, it is a
computerized map that does not take into account the complex terrain of the region, but
provides a generalized picture of mean annual precipitation.

3.2 Regional Analysis

Due to the widely differing terrain and orographic influences on precipitation
California was divided into several regions shown in Figure 3.3. The regions were based
upon terrain, similar climate zones, similar storm types, and precipitation characteristics.
The regions also reflect variations in depth-area-duration (DAD) relations in California.

In order to represent meteorologically homogeneous regions several specific factors
were considered. Firstand foremost, the individual storm DAD relations were analyzed and
compared to one another to see how DAD relations vary by region. Second, obvious
topographic differences provided guidance on how and where the boundary lines between
regions were drawn. Third, the pattern of the 100-year, 24-hour rainfall frequency map from
NOAA Atlas 2 (1973) shows the spatial variations in precipitation, thus providing a
climatology.

The analysis resulted in seven distinct regions: Northwest (region 1), Northeast
(region 2), Midcoastal (region 3), Central Valley (region 4), Sierra (region 5), Southwest
(region 6) and Southeast (region 7). The Northwest region encompasses the relatively wet,
rolling mountainous terrain of coastal northern California. The Northeast region represents
the drier downwind zone of northern California, just north of the Sierra region. The
Midcoastal region represents the low coastal mountains running along the California coast
between the Central Valley and the Pacific Ocean. Sandwiched between the Midcoastal and
the Sierra regions is the Central Valley region, constituting the flat, wide north-south plain
of California. The final two regions include the Southwest, which is the mountainous area
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between the Pacific ocean and the deserts to the east, and the Southeast which encompasses
the deserts of California. A complete discussion on the DAD relationships, and their

derivation 1s found in Chapter 8, Section 8.2.
3.3 Barrier-Elevation

In this study, as in other studies, probable maximum precipitation (PMP) adjustments
in the vertical must be made to precipitation and moisture values (dewpoints) to: 1) calculate
orographic influence (K-factors), 2) define moisture maximization, and 3) adjust storm
rainfall depths as the result of transposition. This adjustment is required because terrain
interacts with the broad-scale winds and accompanying moisture flow when they encounter
or are forced to bypass terrain features that act as barriers. The technique used to make
barrier elevation maps has been discussed extensively in previously issued reports, (e.g.,
HMR 36 (1961), HMR 43 (1966), HMR 49 (1977) and HMR 55A (1988)). No changes
from previous studies were made to derive barrier elevations.

The inflow wind directions used to construct the barrier elevation map ranged from
south-southeast to west-southwest for PMP storms in the Central Valley, Sierra, and
Midcoastal regions of the state and, from east through south for PMP storms in the Southeast
region. The final barrier elevation map was hand-drawn at the 1:1,000,000 map scale, with
topographic features less than 10 miles in width disregarded. The barrier elevation map is
shown in Figure 3.4.
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4. MOISTURE

4.1 Introduction

There are a number of ways to provide atmospheric moisture information for input
into the calculation of probable maximum precipitation (PMP). The longestavailable record
of moisture measurements are from surface observations. Early in the 20" century
observations were only taken 2 or 3 times a day. In an effort to obtain the maximum possible
record of extreme atmospheric moisture, these early measurements are used with more
modern observations to provide a measure of extreme atmospheric moisture. A 12-hour
duration was chosen to represent the general broad-scale flow into a storm with precipitation
covering an area greater than several thousand square miles. Because of the limited
observations taken each day in the early part of the century, a persisting dewpoint value was
used to define maximum moisture. A maximum persisting dewpointis the highest dewpoint
equaled or exceeded throughout a given duration. It can be considered to be the highest, as
indicated by the record, that can persist for various durations. Generally, the persisting value
provides a lower value than a 12-hour average dewpoint. Surface values are observed at a
number of different elevations. In order to compare values from different locations, the
12-hour persisting dewpoint is normalized or adjusted to the 1000-mb pressure level, or
essentially sea level. This allows these values to be compared across the United States, in
spite of large differences in the elevation of observations.

Charts of 12-hour maximum persisting dewpoint temperatures have been used in many
HMRs including those for the western United States: HMR 36 (1961), HMR 43 (1966),
HMR 49 (1977), HMR 55A (1988), and HMR 57 (1994). This extreme atmospheric
moisture information is used to maximize observed storm precipitation, and to adjust storm
precipitation for horizontal and vertical changes in storm location (transposition). Several
studies (e.g., Reitan 1963; Bolsenga 1995) have shown that surface dewpoint temperature
is an acceptable measure of water vapor aloft in the saturated atmosphere during storm
periods. In addition, Kuo et al. 1996 indicates that the inclusion of surface moisture
measurements in a variational data assimilation system can be "quite effective in...improving
the quality of moisture analysis in the lower troposphere.”
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4.2 Dewpoint Analysis

In this study, we used monthly analyses of 12-hour maximum persisting 1000-mb
dewpoints developed for the United States west of the Continental Divide for HMR 57.
These analyses used synoptic time observations of dewpoint temperatures for 36 locations
(Peck et al. 1977) as well as hourly dewpoint observations for 23 California locations
obtained on tape from the National Climatic Data Center (NCDC) for the years 1948 to 1983.
These data were examined for possible exceedances to the 1905-1959 set of data used in
HMR 36. When such exceedances occurred, they were verified against values in the Local
Climatological Data (NCDC 1948-). They were also checked with synoptic weather
information to ensure that the new records occurred with conditions favorable for
precipitation. When new dewpoint records occurred during precipitation sequences, the
dewpoints were accepted, provided that upwind trajectories from the site showed increasing
dewpoints over time. Once the new records were determined, new annual curves were drawn
for these stations. Values from these curves were plotted on monthly maps and new analyses
were drawn. Maps of month-to-month changes of persisting dewpoint values were made and
individual monthly maps redrawn to obtain a smooth monthly transition of 12-hour persisting
dewpoints across California. Monthly differences from the earlier reports were usually less
than 2°F and none exceeded 3°F.

The dewpoint analyses shown in Figures 4.1 to 4.12 reflect seasonal-scale atmospheric
changes or adjustments. The contours in these figures depict mid-monthly values. The
contour configuration for November through April in Figures 4.11, 4.12, 4.1 to 4.4 (albeit
weakly in April) reflects the persistent presence of (relatively dry) continental polar and
mixed maritime and continental polar air masses in eastern California. The warmer land
area in the central and western regions sustain a wedge of higher dewpoints during the
wintertime months. The cold, off-shore ocean currents affect the recurvature of the contours
along the coast line. May 1s seen as a transition month between these characteristic
wintertime and summertime regimes (Figure 4.5.) Then the contour pattern for June through
September in Figures 4.6 to 4.9 and weakly in October (Figure 4.10) is forced by circulation
patterns which bring in high-moisture content air originating over the regions with high
sea-surface temperatures (SST) in the Gulfs of California and Mexico.
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Twelve-hour maximum persisting 1000-mb dewpoints for May ( °F).
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Twelve-hour maximum persisting 1000-mb dewpoints for June ( °F).
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Twelve-hour maximum persisting 1000-mb dewpoints for September ( °F).
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Figure 4.10. Twelve-hour maximum persisting 1000-mb dewpoints for October ( °F).
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Twelve-hour maximum persisting 1000-mb dewpoints for November ( F).
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Figure 4.12. Twelve-hour maximum persisting 1000-mb dewpoints for December ( F).
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Four locations indicated by A, B, C, and D in Figure 4.13 were selected to monitor
the monthly transition. Figure 4.14 shows the monthly variations in 1000-mb 12-hour
persisting dewpoint temperatures for four locations in California. All four locations show
maximum dewpoints in July to August and minimums in January or February and a smooth
transition from month to month and across the year. The largest 1000-mb persisting
dewpoint is over southeast California.

Figure 4.15 partitions California into three regions, each defining the months in which
the largest daily precipitation amounts have been observed most frequently. The California
partitions are continuous with the partitioning for Washington and Oregon shown in Figure
4.14 in HMR 57. The months with the potential of having the greatest rainstorms are:
October through March in most of western California; July through October in extreme
southeast California; and any month for the remainder of California. Isodrosotherms were
drawn by averaging monthly dewpoint for the indicated months within the three sections.
The analyses were combined by smoothing across sectional boundaries. The result was the
multi-seasonal 12-hour maximum persisting dewpoint map shown in Figure 4.16. In the
process of deriving all-season PMP values shown in Plates 1 and 2, this map was used to
adjust all transposed 1000-mb free-atmospheric-forced precipitation (FAFP) values in the
region to their respective barrier elevations. FAFP is convergence or non-orographic
precipitation (see Chapter 6 for more explanation). The dewpoint map was also used to
adjust the 100-year, non-orographic precipitation values to create the orographic parameter,
T/C (Chapter 6).

Except for HMR 57, previous HMRs for the western United States have used land-
based observed and maximum persisting dewpoints for storm maximization. In HMR 57, it
was decided to use SST as a proxy for the rraditional maximization factor for many storms.
Many of the storms have up-wind regions with only ocean surface, and consequently no
possible upwind measurements of dewpoint temperatures. For such storms SSTs were used.
All these storms, had moisture trajectories originating in the Pacific Ocean. The proxy factor
was based on a comparison between an observed SST and an estimated maximum SST. The
maximum SST (or upper limit SST) was estimated from two standard deviations above
climatology, which was at a point sufficiently upwind of the cold coastal current to be
unaffected by it and along the moisture trajectory into the storm center. In HMR 57, it was
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Figure 4.13. Locations (A, B, C, D) shown for the month-to-month continuity check from

January to December. Regional boundaries are shown.

42




197

Dewpoint (°F)

Dewpoint (°F)

78

~

Jan

78

Feb Mar

i
\
I
t

Aug Sep Oct

Nov

Dec Jan

76 A

58

+

[ Y S S T

T T T

Jan

Aug Sep Oct

Nov

Dec Jan

Dewpoint (°F)

Dewpoint (°F)

78

58

T T

Jan

78

Feb Mar

Jul

Aug Sep Oct

Nov

Dec Jan

76 -

74

72 -

70 4~

68 +

66

64

62

60 +-

58

Jan

1 T

Feb Mar

Ju!

t T ¥

Aug Sep Oct

1

No!

Figure 4.14. Example of consistency and smoothness checks for 12-hour maximum persisting 1000-mb dewpoint
temperatures ( °F) at the locations shown in Figure 4.13.

v

T

Dec Jan



118W 116W 114w
T T T
4N
42N 0 n ]
40N . . . R . U 4N
t
Nevada a
. v + * h
38N ) ) ) . . 438N
Any aen
36N . . . N . s
: ) : Summer
Month
. - 34N
34N < . . : Months
O ce an
hul
Miles \ ’
| S— ————
020 & & w Mexico
.t : |
124W 122w 120W 118W 116W 114W

Figure 4.15. Regions and months used in developing the multi-seasonal dewpoint maps in
Figure 4.16.

44



118W 116W 114w

42N

42N

40N 40N

+ +

64.6
64.8— Nevada

38N . . . 38N
67
68 . +
\70\
7
73”
66.8
36N ) . Cd] 36N
A
68\ 72 . T
: 73.5
66.5 66.8 67\70 174
73 »
34N ) . A . -{ 34N
n
735 g
« \
. O ¢ce an A M [
:1%1:3 62N [/
0 20 4 & 80 i 66.5 72] 74
/ 1 6.8 67 68 70 J73
| ! L1 L L 1 1 1 A
124W 122w 120w 118W 116W 114W

Figure 4.16. Multi-seasonal, 12-hour maximum persisting 1000-mb dewpoints used for
calculating vertical adjustments ( °F).

45



demonstrated that the proxy maximization factor remains nearly constant regardless of the
amount of moisture scavenged from a parcel of air, as it crosses the cold coastal current.
Therefore, it was considered reliable for setting precipitation depth for a PMP storm, as long
as the assumption that the amount of scavenging in the PMP storm was the same as in an
observed record-setting storm.

The Marine Climatic Atlas of the World (U.S. Navy 1981), was used to obtain the
mean SSTs and standard deviations. To determine the maximum SST it was assumed that
the mean SST plus two standard deviations would adequately set the upper limit for moisture
charge or availability. The same procedures and assumptions used in HMR 57 were
followed in this study. Thus, two SSTs were estimated for each storm - one for the storm
being analyzed; the other, the maximum SST for the same location.

Essentially, the steps are: for the storm SST 1) a trajectory was extended upwind and
backward in time from the storm center to a moisture source region in the Pacific Ocean; and
then 2) a best estimate SST within the source region, based upon ship reports, was used as
long as synoptic characteristics and distance from trajectory were consistent; and 3) for the
maximum SST for approximately the same location, the mean SST and standard deviation
were derived from the Marine Climatic Atlas for the same month, with a 15-day adjustment
toward the warmest time of year (World Meteorological Organization 1986). For the
September 1959 (1006) and the August 1977 (1017) storms, that do not have extended inflow
trajectories, the traditional National Weather Service procedures were followed as described
in the Manual for Estimation of Probable Maximum Precipitation (World Meteorological
Organization 1986). Calculations of maximizing factors were made with temperatures to the
nearest tenth of a degree Fahrenheit and precipitable water amounts from interpolation in
precipitable water tables (U.S. Weather Bureau 1951).

All trajectories were drawn using archived surface weather maps. For storms before
1950, SST measurements came from archived ship reports from the NOAA Environmental
Research Laboratory (1985), Boulder, Colorado, and the National Oceanic Data Center,
Washington, DC. The analyses were supplemented by the daily weather maps
(Environmental Data Services 1899-1971). The records of land station observations from
the Local Climatological Data Series (NCDC 1948-) were used to obtain persisting
dewpoints for traditional maximization.
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Within the process of determining the appropriate SST for individual storms, some
complications arose that influenced the values adopted in this study. These complications
typically involved decisions about the timing of the moist air inflow. Relatively small
differences in time (order of hours) could result in widely different source regions (order of
degrees of latitude/longitude). Additional analysis was used to resolve any inconsistencies.
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5. STORM ANALYSIS

5.1 Introduction

A complete analysis of 31 storms listed in Chapter 2, Table 2.1 was done to produce
depth-area-duration (DAD) relations. Although the procedure is similar to past storm
studies and hydrometeorological reports, no previous DAD relations were accepted for this
study, except from storms used in HMR 57 (1994); otherwise, uniformity of analysis could
not be assured. Each storm was individually examined and analyzed based upon all
available data. Although previous storm DADs were available from the Corps of Engineers
Storm Rainfall Catalog and from unofficial DAD studies completed by the National Weather
Service (NWS), new DADs were developed. Previous storm analysis procedures were
labor-intensive and time-consuming. However, with the help of a geographic information
system (GIS) the storm studies were completed more expeditiously and efficiently.

As aresult of using a more automated approach to calculate DAD for the storms, less
time was spent in routine procedures and manual drawing of various maps. The use of a
GIS system (GRASS 4.0 1991) and computer spreadsheets minimized many of the
computational aspects. For instance, data tabulation for specific storm periods, mass curves
for each station (hourly and daily), DAD analysis, and pertinent data sheet preparation were
all done by computer. However, much time was still needed for quality control, formatting,
and entering supplemental data (data not part of the regular NWS network of stations, such

as bucket survey data).

Asin HMR 57, the spatial distribution of storm rainfall was determined by comparing
the proportion of storm rainfall to the 100-year frequency analyses in NOAA Atlas 2 (1973).
The 100-year precipitation analysis shows considerable correlation with the underlying
terrain, and the choice was made for this very reason. But it is also understood that
individual storm precipitation could have different spatial distributions than shown in the

atlas.

49



5.2 Precipitation Data

Precipitation data come from various sources and are the foundation for all storm
DAD results and eventually PMP estimates. A thorough search was made for all recorder
(hourly), non-recorder (daily), and supplemental (bucket survey and partial record stations)
data available for all storms on the storm list (Chapter 2, Table 2.1). The majority of the
data came from official NWS sites, both first order and cooperative stations. Supplemental
data are data not normally archived by the NWS. For example, bucket surveys may be
conducted by local, state, or federal officials. Such surveys provide invaluable data sets for
a storm, especially in areas of limited information. The post-1948 NWS data were in digital
form and converted to a standard internal format. The supplemental data and observation
times for each observation were entered manually. Occasionally observation times,
especially for older storms, were not extremely precise. For example, some observation
times are given as sunrise or sunset, or as morning or evening with no set time indicated.
Timing for these observations were determined by checking with nearby stations. The
observation-entering stage was also the beginning of the quality-control as every station was
examined for anomalous and incorrect information. Problems with accumulated amounts
(precipitation for a multi-day storm period totaled into one observation usually at the end of
the storm), missing data, and incorrect or ambiguous observation times, were addressed.
Missing observations during the storm period usually caused the station to be discarded.
Accumulated precipitation amounts for the storm period were useable if the observation
began and ended within the storm period.

Once all of the quality-controlled data were put into a common format, each daily and
supplemental station was timed. Timing provides a consistent temporal and spatial
precipitation distribution for all stations within a storm. Thus, instead of just a few stations
with hourly records, now all stations have an hourly distribution. A station was timed by
assigning each daily station to an hourly station in order to distribute the daily station’s
rainfall in the same manner as the hourly station. The hourly station controls the hour when
the rainfall began, the intensity of rainfall during the rain event, and when the rainfall ended
at each of the daily stations assigned to it. In other words, the hourly station defines how the
daily precipitation fell during the storm period at the daily stations.

Criteria for timing the stations included: distance between the hourly and daily
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stations, topography, and the precipitation observed at the hourly and daily stations assigned
to each other. Topographical considerations included the closeness of stations, valley/slope
relations, and the location of crestlines. After all daily stations were assigned to an hourly
station, daily precipitation was distributed into hourly increments across the storm period.
Using the hourly distribution of rainfall, the observation times, and the amounts at the daily
stations, the rainfall at the daily and supplemental stations was allocated according to the
hourly station distribution. This process was done iteratively so thatif an hourly distribution
failed to provide adequate or realistic results, another nearby hourly station could be used
instead. The distributions were compared by graphing the results, using mass curves, and
examining them for consistency.

Figure 5.1 shows an example of one of the mass curves, for the January 20-24, 1943
storm (1003), and illustrates the consistency between the daily and hourly stations. Hoegees
Camp was the hourly station used to time the other stations. For this set of stations, little or
no rain was observed in the first 24 hours of the storm period. The rains began at hour 26
and continued to accumulate through hour 78. A total 37.34 inches was observed at
Hoegees Camp and Camp Leroy Hoegees. These 2 stations are less than a mile apart.
Lesser rainfall amounts were observed at the other stations. Daily total amounts were used
for each of the other stations, and the daily totals were timed individually for each day. Most
general storms exhibit a fairly uniform temporal distribution.

5.3 Storm Depth-Area-Duration Analysis Procedure

The first step in defining the development of DAD relations requires that rainfall
amounts be assigned to all areas in the storm. In the past, point precipitation amounts were
interpolated by assigning a particular precipitation gauge to a region. Usually the rain gage
was centered in the domain. Once the entire storm area was assigned to particular gages, the
rainfall distribution of those gages was used to determine the precipitation sequence for each
individual region (Thiessen 1911). The Thiessen technique works well in non-orographic
terrain. However, in mountainous areas, such as California, a modified approach was used
to describe or develop likely rainfall patterns that fell over varying topographic features.
The technique used here is similar to that in HMR 57. In order to construct a model for
California and distribute rainfall over areas lacking in observations, a detailed map of the
percent of total storm precipitation to the 100-year, 24-hour precipitation frequency (NOAA
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Atlas 2) was produced. This map, called an isopercental map, represents the percentage of
total storm rainfall to the 100-year, 24-hour analysis. Figure 5.2 shows a portion of an
isopercental map from the January 20-24, 1943 storm (1003). The map was digitized using
a GIS, and then interpolated, resulting in a raster field of percentals for the storm region.
The process consisted of digitizing isolines which are considered vectors in a GIS. Vectors
are the computer interpretation of an isoline. An interpolation between vectors forms a
continuous field of values called a raster field in which each point (or raster) on the map has
a value. Each raster cell was a 15 second by 15 second region (about 0.08 mi?) and had a
interpolated value related to it. Next, the rainfall over the whole area is distributed
temporally. Individual subareas of the total storm pattern are delineated, with a
representative individual station mass curve. Representative subareas or polygons were
drawn by first choosing the station that best represented the total precipitation and rainfall
distribution for the area. Then, a border was drawn that encompasses that region which is
meteorologically and topographically homogeneous. A portion of the polygon map for the
January 20-24, 1943 storm (1003), 1s shown in Figure 5.3. The polygons were drawn with
the synoptic situation, terrain, and station type (hourly, daily, or supplemental) taken into
consideration. There is no uniform rule as to the number of sides or the size of the polygon
as long as the station chosen represents the precipitation distribution for that area. Drawing
to terrain features often produces polygons that are not like those in a classic Thiessen
polygon analysis since those Thiessen polygons do not follow the terrain features.

With the completion of the polygons, total storm precipitation values and their
appropriate hourly distribution were determined using a GIS. A total storm precipitation
map for the area was created by multiplying the i1sopercental raster layer by the 100-year, 24-
hour precipitation frequency raster layer from NOAA Atlas 2. The temporal distribution
of precipitation at each point within the storm area was then calculated by combining the
polygon raster layer, containing the temporal distribution of the previously assigned station,
and the total precipitation raster layer. Once the temporal distribution field was defined,
total storm precipitation was distributed into a field of hourly values for the storm. All
computations were done using GRASS 4.0 (1991) GIS at 15-second intervals (0.08 mi?).

An isohyetal map was made for total storm rainfall for each storm, based on the total
storm precipitation layer. Figure 5.4 shows a portion of the isohyetal map for the January
20-24, 1943 storm (1003). The isohyetal map identifies regions of peak precipitation. Itis
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An example of isopercental lines drawn for the January 20-24, 1943 storm
(1003). The values represent the percent of the total storm rainfall to the
100-year, 24-hour precipitation frequency (NOAA Atlas 2, 1973).
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important to identify the maximum precipitation center(s) for determining the DAD for a
storm. Often in complex terrain, several significant precipitation peaks occur. Since
combining precipitation centers miles apart is akin to combining nonhomogeneous
meteorological factors and/or moisture supply, only those centers that were judged to be
from the same dynamic mechanisms and moisture supply were combined. To choose which
precipitation center would provide the maximum depth at a given area size and for a
particular duration, several centers were examined separately. Precipitation centers
occurring near one another were consolidated if the same convergence/orographic
mechanisms appeared responsible for the precipitation. Multi-center storms normally occur
along mountain chains where nearby peaks become precipitation centers. A common
example of a split center is one center along the Coastal range and a secondary maximum
over the Sierra Nevada mountains. The Coastal range center(s) almost certainly had
differing orographic and convergence components than the Sierra center and therefore
differing dynamic mechanisms. Split centers of this type occurred in more than half of the

storms examined.

Storm DAD was calculated with a program developed with a C-language interface
provided with GRASS 4.0. The output from the DAD program was plotted and examined
on semi-log paper with the precipitation depth on the x-axis and the area on the y-axis. A
graph was made for each duration interval (1, 6, 12, 24, 36, 48, 60, and 72 hours). The
values on the graph reflect the greatest precipitation depth for various area sizes and for
various durations of the storm based upon a particular storm center. The maximum depth
for various area sizes was determined for each duration. Care was taken to insure spatial
and temporal consistency with the storm center. A line was drawn to connect those points
with the same center from 1 mi® to beyond 10,000 mi* at the upper areal limit.

Finally, after the DAD lines connecting all of the maximum precipitation amounts
were drawn for the storm, precipitation values were extracted for selected durations and area
sizes and placed on a pertinent data sheet. Table 5.1 presents the results for the
January 20-24, 1943 storm (1003). This pertinent data sheet was the culmination of the

entire storm analysis procedure.

57



Table 5.1. Precipitation from the January 20-24, 1943 storm (1003) by area and duration
(inches.)

Duration (hours)

Area (mi®)| 1 3 6 12 | 18 | 24 | 36 | 48 | 60 | 72 | 84 | 96

1 290 | 550 950 } 16.051 20.52 | 25.70] 33.18 } 36.10 | 36.51 | 36.52 | 36.54 | 36.65
10 243 1 478 | 855 ] 14.62| 17.80{ 22.90 ] 28.76 | 31.60 | 32.28 1 32.30 | 32.86 | 33.00
50 214 | 4251 7.85 } 13.15] 16.38 | 20.62 | 2632} 28.82 | 29.91 | 30.63 ; 30.81 | 30.95
100 197 1 3921 7.25 | 11.77 | 1542 ] 19.60 | 2496 | 27.63 | 28.56 | 29.19 | 29.25 | 29.38
200 1.80 | 357 | 6.63 | 10.80] 14.70 | 1838 | 23.41 | 26.18 | 2691 | 27.11 | 27.23 | 27.31
500 1651 320 ] 591 | 1028 | 13.38 ] 16.62 | 21.13 | 23.55] 24.16 | 24.52 | 24.62 | 24.65

1000 1.30 | 278 | 5.02 | 860 | 11.25| 1425 | 1845 | 20.51 | 21.27 | 21.54 | 21.55 | 21.56

2000 097 204 ] 459 { 755 | 970 | 12.00 { 16.02 | 17.33 | 18.69 | 18.79 | 18.83 | 18.84

5000 0621] 180 350 | 578 | 750 | 9.50 | 1332 1479 ] 1560 | 15.78 | 15.86 | 15.88

10000 267 | 438 ) 5775 1 7.25 |1 1021 | 1145} 12.01 | 1240 | 12.78 1 12.80
20000 300 1 417 ) 492 | 714 | 790 | 877 | 9.05 ] 928 | 945
30000 300 § 320 | 536 | 630 | 678 | 720 | 732 | 740

The final numbers were normalized and compared with other storms in the same
region to create DAD curves for each region. To normalize the pertinent data sheet values
for each storm, each depth at each duration was divided by the 10-mi’” value at that duration.
Table 5.2 contains the normalized values for the January 20-24, 1943 storm (1003).
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T'able 5.2. Ratio of DAD rainfall to the 10-mi* DAD rainfall for the January 20-24, 1943
storm (1003).
Duration (hours)

Area (mi®)| 1 3 6 12 | 18 | 24 | 36 | 48 | 60 | 72 | 84 96
1 119 | 115§ 11t | 110 | 115 | 112 | 115 | 114 [ 113 { 113 { 111 | 111
10 100 | 100 100 100 100 100 100 100 100 100 100 100
50 88 89 92 90 92 90 92 91 93 95 94 94
100 81 82 85 81 87 86 87 87 88 90 89 89
200 74 75 78 74 83 80 81 83 83 84 83 83
500 68 67 69 70 75 73 73 75 75 76 75 75
1000 33 58 59 59 63 62 64 65 66 67 66 65
2000 40 43 54 52 54 52 56 55 58 58 57 57
5000 26 | 38 | 41 40 42 41 46 47 48 49 48 48
10000 31 30 32 32 36 36 37 38 39 39
20000 21 23 21 25 25 27 28 28 29
30000 17 14 19 20 21 22 22 22

5.4 Storm Separation Analysis

The Storm Separation Method (SSM) is used in hydrometeorological analysis to

arrive at an approximation of the non-orographic component of precipitation from storms
centered in orographic areas. The SSM was originally developed for HMR 55A (1988) as

a standardized procedure to isolate and quantify orographic from non-orographic factors in

record-setting storms. The SSM incorporates both the moisture-maximizing process and the
adjustment of dewpoints to a common reference level of 1000 mb as described in Chapter 4.
The technique is fully described in Chapter 7 of HMR 55A and in Chapter 6 and Appendix 3
of HMR 57. The values produced by the SSM provide the starting point for making an
index map of non-orographic PMP or free-atmospheric-forced precipitation (FAFP) to be
discussed in Chapter 6. The FAFP index map, when modified by orographic factors,

becomes the first approximation to the PMP Index map discussed in Chapter 7.
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The SSM was performed on all storms listed in Chapter 2, Table 2.1. However, only
19 of those storms plus two Arizona storms (September 1939 (3) and September 1980 (8))
proved to have large enough index values of FAFP to warrant their transposition. Of the 21
storms of Table 5.3 only nine provided controlling values across California. The areas
controlled by these nine storms are found in the next chapter in Figure 6.2. The controlling

storms are noted by asterisks in Table 5.3.

Table 5.3 contains a variety of information for the 21 most significant storms. The
FAFP point values from these storms were used to develop an areal analysis of FAFP for
California which in turn is a component of the final PMP index values for the state.

It may be of interest to note that, the FAFP (adjusted to 1000 mb) for the December
1921 (40), November 1961 (149), and August 1977 (1017) storms was larger than the
observed amount. Causitive factors for these high FAFP values include: the observed highly
non-orographic precipitation at storm centers, and the substantial effects of both the moisture

maximization and the vertical adjustment factors.
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Table 5.3.

Storms studied using the storm separation method (SSM). The 9 controlling
storms are indicated by *.

Storm ID # Storm Dates Storm Center 10-mi?%, 24-hour 1000-mb, 10-mi°,
(decimal degrees) precip. (inches) | 24-hour FAFP (inches)
508 1/15-19/1906 39.9/121.6 14.8 6.7
525 1/1-4/1916 39.8/121.6 10.1 7.6
544 12/9-12/1937 40271214 15.3 10.8
572 12/21-24/1955 38.0/119.3 13.4 7.2
575 10/11-13/1962 40.0/121.5 19.7 7.6
* 630 1/3-5/1982 37.1/122.0 20.7 10.8
1002 2/27-3/3/1938 342/ 117.5 20.3 7.1
* 1003 1/20-24/1943 342/118.0 22.9 9.1
* 1004 11/17-21/1950 39.2/120.5 12.0 9.8
1005 1/25-27/1956 34.2/117.5 11.5 8.1
1006 9/17-20/1959 40.7/122.3 17.8 7.8
1007 12/4-6/1966 . 36.3/118.6 21.7 4.3
1008 1/23-26/1969 342 /117.6 19.1 4.1
* 1010 2/14-19/1986 39.9/121.2 18.1 11.7
* 1017 8/15-17/1977 348/ 115.7 5.7 9.1
Other Storms

* 40 12/9-12/1921 48.0/121.4 8.1 8.7
* 88 12/26-30/1937 44.9/123.6 10.8 7.6
* 149 11/21-24/1961 42.2/123.9 10.9 12.77
* 165 1/14-17/1974 41.1/7122.3 10.3 7.6
3 9/3-7/1939 3477/113.2 4.6 1.9

8 9/4-7/1970 33.8/110.9 10.6 3.5
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6. CONVERGENCE AND OROGRAPHIC COMPONENTS OF PMP

6.1 Introduction

The rationale for estimating a convergence or non-orographic component of
precipitation in record-setting storms in regions of significant topography is that
precipitation in extreme storms there is so tied to topographic variation that re-creation of
the same set of record-storm conditions is unlikely anywhere else. The Storm Separation
Method (SSM) addresses this theory by extracting the influence of topography from the
observed precipitation, thereby permitting more extensive transposition of the storm
mechanism responsible for the remaining non-orographic precipitation. Thus, the creation
of a non-orographic probable maximum precipitation (PMP) map within extensive

orographic areas is made possible.
6.2 Moisture Maximization

Both the traditional approach to moisture maximization using dewpoint observations
from coastal or inland locations (WMO Operational Hydrology Report No. 1 (1986),
Chapter 2, and HMR 51 (1994), Chapter 2) and maximization based on a climatology of sea
surface temperatures (SST) upflow of storms (HMR 57 (1994), Chapter 4) were employed
in this study. Table 6.1 shows the moisture maximization factors for the SSM analyses for
21 storms. Dewpoints with an asterisk are land-based, maximum 12-hour persisting
dewpoints adjusted to 1000-mb; all others are mean SSTs plus two standard deviations from
the Marine Climatic Atlas of the World (U.S. Navy 1981). Although some of the same
storms were used in HMR 57, there were slight differences in method. In HMR 57 the
December 1921 (40), November 1961 (149), and January 1974 (165) storms were analyzed
using land-based extreme dewpoints at the storm center; for HMR 59, the SSTs were taken
at a reference location upflow of the cold Pacific coastal current. The moisture
maximization factor is calculated from the following expression:
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Table 6.1.  In-place maximization factors from storms used to prepare the free-
atmospheric forced-precipitation map. Asterisks indicate land-based
dewpoints, all others are sea surface temperatures (SST).

Storm Date Maxi- Barrier Observed Upper Land-Based
D mization  Elevation Temp. (°F)  Limit Reference Location
factor (ft) Temp.
CF)
Storms
508 1/15-19/1906 1.24 2600 70 74
525 1/1-4/1916 1.39 2000 69 76
544 12/9-12/1937 1.39 5500 66 72
572 12/21-24/1955 1.58 10,500 72 78
575 10/11-13/1962 1.19 5500 72 75
630 1/3-5/1982 1.35 950 66 72
1002 2/27-3/3/1938 1.48 4400 70 77
1003 1/20-24/1943 1.37 2100 69 75
1004 | 11/17-21/1950 1.29 6900 71 75
1005 1/25-27/1956 1.22 3900 66 70
1006 9/17-20/1959 1.50 1000 *38 *69 Red Bluff, CA
1007 12/4-6/1966 1.39 8000 70 75
1008 1/23-26/1969 1.33 5500 72 77
1010 2/14-19/1986 1.26 5200 66 70
1017 8/15-17/1977 1.39 3750 *73 *79 Phoenix, AZ
Storms used in other HMR studies
40 12/9-12/1921 1.42 500 64 71
88 12/26-30/1937 1.54 1500 *60 *68 Valsetz, OR
149 11/21-24/1961 1.47 2700 60 67
165 1/14-17/1974 1.23 3300 66 70
3 9/3-7/1939 1.30 2200 *72 *T77 Gila Bend 30 SW, AZ
8 9/4-7/1970 1.32 4400 *73 *78 Phoenix 55 SW, AZ
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p. SL, SE

R, = —b—— (6-1)
ps, SL, SE
where,
R, = In-place maximization factor
W, = precipitable water associated with 12-hour
maximum persisting dewpoint
W, = precipitable water associated with 12-hour persisting dewpoint
for storm ‘s’
SL = storm location
SE = storm barrier elevation

6.3 Horizontal and Vertical Adjustment Factors

Horizontal transpositions were done on a 1000-mb surface, and therefore, the SSM-
derived, in-place maximized, non-orographic moisture was adjusted to 1000 mb. The
adjustment factor is based on the difference in moisture available for precipitation between
the storm's barrier elevation and 1000-mb, in a saturated pseudoadiabatic atmosphere (U.S.
Weather Bureau 1951). No changes were made in the first 1000 feet of vertical
transposition. All vertical adjustments were downward and were, therefore, equal to or
greater than 100 percent. The adjustment is calculated from the following expression:

R _ Wp max, SL, SE, 1000 mb

vt (6-2)
p max, SL, SE 1000 feet

where,
R, = vertical adjustment factor
W nax = precipitable water associated with 12-hour maximum
persisting dewpoint
SL = storm location
SE = storm barrier elevation
1000 mb = sea-level equivalent height

SE+1000

1000-foot exclusion from adjustment
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Figure 6.1 is a graphical representation of this expression for selected dewpoints.

The maximized, non-orographic record-setting storm amounts were adjusted from
their elevations of occurrence to a common surface at 1000 mb. Next they were transposed
along the 1000-mb surface within certain meteorological and orographic constraints, more
fully described in Section 6.3. When a storm is transposed it is assumed that the same
meteorological dynamics can be assembled in another location. The only difference between
the vertically-adjusted and maximized observed precipitation amount at its origin, and the
precipitation amount at the transposed location is from differences in moisture availability
between the two locations, i.e., the differences would be based on the climatology of
moisture for the region involved.. The gradients of maximum 12-hour persisting dewpoints
at 1000 mb are the basis for the horizontal adjustments. Figures 4.1 to 4.12 (Chapter 4)
show the fields of dewpoints involved in this adjustment. The adjustment is calculated from
the following expression:

Ry = wp max, TL, 1000 mb 6:3)

p max, SL, 1000 mb

where,
Ryr = horizontal transposition adjustment factor
W = precipitable water associated with 12-hour maximum persisting
dewpoint
TL = transposed location
SL = storm location

The date of the storm determines which monthly dewpoint chart is to be used.
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6.4 Vertical and Horizontal Range of Transposition

Storm transposition involves relocating the atmospheric features of a storm from the
place where they occurred to places where these features could be reassembled in the same
way. Itis not the storm precipitation as such which is transposed, rather it is the thermal and
dynamic properties of the atmosphere responsible for the precipitation that are transposed.

The first step used to set the horizontal limits of transposition was a meteorological
classification of each storm. Storm classification system was based on the factors most
important for occurrence of extreme rainfall and is the same as the system developed for
HMR 55A. In California the classification contains two major groups, general cyclonic and
convective. The convective group is divided into complex and simple systems; cyclonic
storms are divided into tropical and extratropical. And finally, extratropical storms are
divided into frontal and convergence events (HMR 55A (1988), Chapter 2 and HMR 57,
Chapter 7). Table 6.1 shows 21 storms that were classified, 19 as cyclonic and 2 as
convective. The cyclonic storms were extratropical except for the September 3-7, 1939
storm (3). The principal forcing factor in 7 of the 19 storms was the circulation and
associated convergence/divergence fields, whereas thermal contrasts and frontal
displacements were paramount in the other 12 storms. Cyclonic storms were found in all
regions of California, except the Northeast. It was determined that the November 1950
storm (1004) was transposable to the Northeast since it was north of the 39" parallel, and
occurred at a significantly more remote site than other Sierra storms. The January 1974
storm (165), originally analyzed for HMR 57, occurred near the border between the
Northeast and Sierra regions and was also considered transposable to the Northeast. Thus,
at the first stage of transposition, all of California was covered by storm mechanisms
classified as cyclonic.

The September 1959 (1006) and August 1977 (1017) storms were convectively
driven. Although they were found in the extreme northern Central Valley and in the
Southeast region, respectively, it is believed that such storms could occur anywhere in
California. However, it was judged that only in the Southeast and in the northern Central
Valley could convection develop well enough to become the mechanism responsible for
non-orographic PMP at 10-mi® and 24-hours, regardless of season. Hence, at the first
approximation of transposition limits, these two storms were confined to their region of
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occurrence. Even though the September 1959 storm (1006) was estimated to have produced
the largest non-orographic amount of precipitation in the northern Central Valley among
storms occurring in California, it is the adjusted non-orographic amount from the December
1937 storm (88) transposed from Oregon to the northern end of the Central Valley, which
controls FAFP there by approximately 20 percent over the September 1959 storm (1006).

At the second refining stage of transposition, the horizontal range set during the first
stage is limited by: 1) the specific thermal and moisture inflow characteristics of each storm,
2) areasonable latitude range over which the absolute vorticity of the flow about the storm
would remain virtually unchanged, and 3) the distribution of record-setting storms across
California. The way in which such considerations are handled in setting horizontal
transposition limits has been widely discussed, most recently in HMR 57, Chapter 7.4.

The limit to vertical transposition of the non-orographic storm mechanism is defined
as the elevation at which mixed (liquid and forzen) precipitation in a probable maximum
storm begins. Mixed precipitation is generally observed at and below 2° Celsius. The
procedure to define this elevation is slightly different than used in HMR 57. An upper air
climatology (Crutcher and Meserve 1970) was used to determine an elevation at which the
ambient air temperature becomes 2° C. This climatological elevation was compared with
printed records which showed the level where liquid precipitation became frozen during the
given storm. The climatological elevation is important because the storm mechanism
produces only liquid precipitation below it and mixed (freezing, frozen) states of
precipitation above it. Climatological elevation considerations mentioned here apply only
to techniques relating to the vertical component of transposition. For transposition purposes,
the higher of the two elevations was used. Steps in determining the climatological elevation
are as follows:

A. Atone or more points taken to represent either the whole or a subregion of the
horizontal range of transposition of a storm mechanism, find the mean and
standard deviation of the geopotential height and ambient air temperature of
the 700-mb surface.

B. Increase the means of the geopotential height and the temperature, obtained
by A, by two standard deviations.
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C. Starting with the (increased) height and (increased) temperature from B, and
assuming the atmosphere to be saturated and pseudoadiabatic, increase or
decrease the starting temperature until a value of 2° C is achieved. Increase
or decrease the height by the amount to achieve the required temperature
change. The final height is the required climatological elevation. The height
and temperature changes were performed here using a USAF Skew T, log P
Diagram.

6.5 Controlling Storms

Once all the storms had been analyzed using the above procedures the final adjusted
values were transposed to a sufficient number of points so that gradients of non-orographic
PMP could be defined for all of California. Table 6.1 shows all of the storms from
Chapter 5, Table 5.3 and as mentioned in Chapter 5, Section 5.4, only 9 of these storms
provided controlling values of FAFP. Figure 6.2 shows regions where the indicated storm
controlled the convergence component of PMP. In other words, the storm had a higher
value of FAFP than any other storm observed or transposed in the region. A storm could
be transposed over a wider range than indicated, but in such extended areas its transposed
FAFP value would be exceeded by another storm.

There are two stippled areas, one in the high Sierra, and the other along and leeward
of the peaks rimming the southern edge of the Mojave Desert and the western edge of the
Imperial Valley. These areas are not controlled by any of the storms listed in Table 6.1.
Instead they are areas in which FAFP is set through implicit transposition. A portion of the
FAFP field in California is shown as Figure 6.3. In this figure, the values of FAFP near the
42nd parallel were constrained to the same values as in HMR 57 in that vicinity.
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represents areas that have FAFP set through implicit transposition.
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6.6 Determining the Orographic Influence (K) Factor
6.6.1 Introduction

The topographic effect on convergence precipitation, is expressed as a percent
increase or decrease of convergence precipitation. Thus:

PMP = K * FAFP (6-4)
where,
K is the orographic factor for the same area and duration, and
FAFP is convergence precipitation for an index area size and index duration,
usually 10-mi? and 24-hour

The K-factor is derived from two relationships: 1) The first involves the one-percent
chance (100-year return period) precipitation amount in proximate areas of large and small
topographic variation. This relationship is represented by T/C where T 1s the 100-year,
24-hour return-frequency precipitation; and C is the non-orographic (convergence)
component of T. 2) The second concerns the accumulation rate and absolute depth of non-
orographic precipitation from record-setting storms. It 1s represented by M which is the
ratio of the precipitation depth of in a core period to the depth during the index duration.
The core period is the longest, contiguous of time interval within an index duration during
which:

A. The accumulated core precipitation equals or exceeds some arbitrarily long
return period (usually 100 years), and also

B. The ratio of the proposed core amount (as a percent of the index amount) to
the proposed core duration (as a percent of the index duration) equals or
exceeds 2.

The depths used in A and B above are obtained from the mass curves of precipitation at
locations of minimal topographic variation. It is assumed that those precipitation rates are
representative of the non-orographic rain rates at the storm center. The K-factor is evaluated

from the expression:
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K =M?(1 - (T/C)) + (T/C) (6-5)
where,
1s the orographic factor,
1s the storm intensification factor,
is the 100-year, 24-hour precipitation value, and

a -z R

is the 100-year convergence component.

This expression has been discussed in HMR 55A and other reports (Fenn 1985, Miller et al.
1984, WMO 1986).

6.6.2 Determining the (T/C) Ratio
The denominator (C) of the ratio was determined in two steps:

A. 100-year, 24-hour values from areas of non-orographic topographic
characteristics were adjusted to a 1000-mb reference level using the 12-hour
maximum persisting dewpoints from Chapter 4, Figure 4.16, and smooth
analysis of these values drawn. The analysis near the 42nd parallel in
California was made to match the analysis in Oregon used in HMR 57. The
vertical adjustments were based on the barrier elevations (Chapter 3,
Figure 3.4) and a 1000-mb persisting dewpoint field, representative of the
season in which storms produce precipitation depths near the 100-year level.
The analysis was interpolated smoothly from the calculated values unless
modification of the field were indicated by climatology or by physiographic
features.

B. The results from Step A are then adjusted from 1000 mb to the barrier
elevation using the same persisting dewpoint field as in Step A. The resulting
values are the calculated point values for the denominator (C) of the ratio.

Figure 6.4 is the T/C field for California. In some places, the calculated value of T/C

was less than one. When physiographic features explained the low values, they were

accepted; otherwise, values were set to one.
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In Chapter 7, a number of subjective changes made to preliminary versions of the
10-mi®, 24-hour Index map of PMP are discussed. Some of these changes were prompted
by examination of the T/C parameter, the principal determinant of the K-factor. In some
instances, low NOAA Atlas 2 (1973) 100-year, 24-hour depths were believed to
underestimate the orographic potential for enhancement of convergence precipitation. In
other instances, it was an overestimate of the convergence component of the 100-year,
24-hour depths, which then caused the underestimation first of T/C, then of the K-factor and
finally of index PMP. At other times, unusually high index PMP depths may have resulted
from underestimation of the convergence component. A rule was adopted, that when the
orographic factor was the causative factor in an untenable estimate of index PMP and where
NOAA Atlas 2 100-year, 24-hour depths in an area were valid, changes to the denominator,
C, of the T/C ratios were made as long as the changes did not result in anomalous localized
values in the analyzed field of C.

6.6.3 Determining the M-factor

Table 6.2 lists the storms controlling the level of FAFP in California, along with the
M-factor associated with each of these storms. The storm intensification factor, M, relates
the precipitation in the most intense rain period to the total rainfall within the storm period,
and therefore varies with storm type. Only two of these storms the February 1986 (1010)
and the January 1974 (165) events have intensification factors that are not zero. The M-
factor for the January 1974 storm (165) was a compromise value of 0.24. The compromise
arose because the M-factor requires that not only the normalized rain rate exceed an
acceptable level, but also that the precipitation depth during a core period exceed another
acceptable level. This storm had a slightly shorter return-period definition for the depth and
yielded an intensification factor of 0.38, while strict adherence to a 100-year level definition
caused the M-factor to drop to zero. This instance highlights just one of the problems
associated with defining a physically meaningful factor by arbitrarily set levels. Somewhat
the same situation exists for storm 1003 where both the rain rate and the level of core
precipitation are both below the acceptable level. Storm 1010 poses a different
problem in that its intensification factor of 0.65 is achieved by having acceptably large
values for rain rate and level of core precipitation, but an M-factor this large is more
representative of a warm, moist season PMP storm which is not the season for the maximum,

all-season storm in the Sierra. It was determined that an M-factor with a lesser, more winter-
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like value in the range of 0.30 to 0.40 in the Sierra region would be used for storm 1010.
Using a higher value would have resulted in a 29 to 37 percent reduction in total PMP in the
more highly orographic sections of the region. Reduction of PMP to this extent was
considered untenable.

Table 6.2. Value of storm intensification factor M
for storms setting the level of FAFP.
Storm ID Date M-Factor
630 1/3-5/1982 0.0
1003 1/20-24/1943 0.0
1004 11/17-21/1950 0.0
1010 2/14-19/1986 0.65
1017 8/15-17/1977 0.0
Storms used in other HMR studies
40 12/9-12/1921 0.0
88 12/26-30/1937 0.0
149 11/21-24/1961 0.0
165 1/14-17/1974 0.38

It will be recalled from Section 6.4 that transposed values from the (winter-time)
January storm 1937 (88) with an M-factor of zero, set the FAFP level in the northern Central
Valley. The September 1959 storm (1006) had a lower transposed value of FAFP and an
M-factor of 0.59. However, storm 1006 is considered to be an off-season storm and so its
M-factor was not weighted as highly as that of the January 1937 storm (88) when setting
values in the northern end of the Central Valley. Compromise values between 0.25 and 0.32
are used in this region rather than a value exactly as observed. Thus, the analysis of the
storm intensification parameter incorporates considerable modification to the directly
calculated M-factors based on the profiles (mass curves) of the largest observed non-
orographic precipitation from record-setting storms across the state. Figure 6.5 shows the
storm intensity or M-factor analysis. The largest values of the M-factor for all of California
approach 0.55 in the extreme southeastern part of the state. Minimum storm-intensity
potential (low M-factor)is along the Pacific coastline, with a secondary minimum in a quite
narrow zone to the lee of the Sierra crests along the Nevada border. The all-season PMP
storm in this secondary area is a winter-time phenomenon, as will be seen in Chapter 7,
Figures 7.2 through 7.11.
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During peer review concern was expressed that the somewhat subjective
modifications made to M-factors, based on meteorological judgement, threatened the
credibility of the (orographic) K-factor calculations. Unfortunately, many of the major
California storm centers are not found in unambiguously non-orographic areas. The
M-factor is a non-orographic storm property which should be determined as close as
possible to the storm center. Consequently, varying degrees of uncertainty are associated
with M-factors for those storms where the mass curves of rainfall come from non-orographic
locations considerably removed from the storm center. In such cases when available mass
curves indicate M-factors out-of-line with values found in other storms, meteorological
judgement was exercised.

K-factors are not as sensitive to variation in M-factor as they are to variation in T/C,
as can be seen in Table 6.3. A three-fold uncertainty as to the correct T/C produces an
approximate 250 to 300 percent change in the resulting K-factor (over the range of M-
factors shown), whereas, a three-fold uncertainty in the M-factor (over the range of T/C
shown) produces only a 20 to 40 percent change in the resulting K-factor. In other words,
if we are quite confident in our value for T/C, that should mitigate considerably our
uncertainties in the resulting K-factor. But, alas, a variation of only 20 percent in a K-factor
is not insignificant in absolute terms. We believe that our exercise of meteorological
judgement has kept our uncertainties about the K-factors used in this report to a minimum
and has produced far better results than would have been the case had we not modified what
we believed were unrepresentative M-factors for certain storms.

Table 6.3 Sa;1ple K-factors resulting from indicated values of (T/C) and M.
M T/C 2.00 i 3.00 6.00
0 2.00 3.00 6.00
1 1.99 2.98 5.95
2 1.96 292 5.80
3 1.91 2.82 5.55
4 1.84 2.68 5.20
5 1.75 2.50 4.75
.6 1.64 2.28 4.20
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6.6.4 Analysis of the K-factor

After modifications to the analysis of the storm intensification factor M and the
convergence component of the 100-year level of precipitation were finalized, the orographic
intensification factor K was calculated using equation 6-5. The K-factor analysis for
Californiais shown in Figure 6.6. In some instances, PMP calculated from equation 6.4 was
considered too high or too low within an area, and slight modifications were made to the
non-orographic fields to rectify the anomalies. In this situation percent changes were
incorporated into the existing K-factor field in order that PMP values be adjusted to an
acceptable level. In other circumstances where the calculated K-factors (usually at centers
of maximum or minimum values) were at a level believed to be reasonable, but where the
particular maximum or minimum was slightly offset with respect to a topographic feature
to which it was related, changes were made to the K-factor field to achieve proper
alignment. The PMP Index map was calculated using a K-factor field which includes
percentage changes in limited areas and alignment corrections.
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7. GENERAL-STORM PMP INDEX MAP AND
SEASONAL VARIATION

7.1 Introduction

A general-storm Index map of California probable maximum precipitation (PMP) was
developed for 24 hours and 10 mi*. Calculations were done using a combination of a
Geographical Information System (GIS) application (GRASS 4.0, 1991) and software
developed exclusively for the task. The result was a 15 by 15 second grid of raster values
which completely cover the study area. Adjustments were made to both the grid point
values and the contours of PMP by making percentage changes to selected sets of grid
points, redrawing contours and re-analyzing them. The finished analyses are printed as
Plates 1 and 2 for southern and northern California, respectively.

The standard contour intervals in the Plates are as follows: every half-inch up to 11
inches, every inch between 12 and 15 inches, and every 3 inches above 15 inches. The
larger contour interval above the 15 inch depth was required to preserve visible separation
between adjacent contours at the map scale of 1:1,000,000. A consequence of using the
provided PMP Index maps is that the interpolated values may differ from user to user. One
advantage of constructing a digital PMP index field is that identical results can be found by
different users. The digital ascii version of the map is available at the Hydrometeorological
Design Studies Center web site. Of course, GIS software must be in place to use these data.

An example of the contour field from the PMP Index map, as originally calculated
from equation 6.4 and adjusted where deemed necessary is shown in Figure 7.1. The
adjustments for all of California are discussed in the next section. The main features of the
PMP Index map are quite similar to the isopluvial features of the 100-year, 24-hour
precipitation map for California in NOAA Adtlas 2 (1973), even though the level of PMP
varies from about twice to over 4.5 times the 100-year level. A ratio map of PMP to the
100-year 24-hour values is shown in Chapter 11, Figure 11.1.
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7.2 Adjustments to the General Storm Index Map

Several comparisons were made between the index values of PMP and the following:
the 100-year and longer return-period precipitation; PMP index values from HMR 36
(1961); and the greatest recorded 1-day and 24-hour amounts for California. These
comparisons indicated a need for adjustments to the calculated index PMP depths at some
locations and across some regions. Examples of these adjustments follow.

As a result of the comparison with NOAA Atlas 2, north of the 35th meridian the
largest values in the Sierra Nevada mountains were increased by up to 25 percent, while
similar maxima along the coastal ridges were decreased up to 12 percent, so that the relations
of the PMP values to one another would more closely resemble the relations in NOAA Atlas
2 for the 100-year level of precipitation. Within the area of percentage increases in the
Sierra, an area in the vicinity of Sirretta Peak, northeast of Bakersfield, showed a total
increase of about 40 percent due to an undervaluation of orographic enhancement in the
original calculations. The under-enhancement arose from what was perceived to be an
underestimate of the 100-year level of precipitation in that location. In the Coastal
mountains to the northwest and northeast of Santa Barbara, the gradient of PMP was relaxed
on the slopes of these mountains so that it would more closely resemble the gradient of the
100-year return period precipitation shown in NOAA Atlas 2.

In comparisons with draft PMP values, an observed daily storm amount reached 94
percent of PMP in the northern Central Valley. A decision was made to increase the Index
map by up to 10 percent in this region to decrease the ratio of the observed value to PMP

and bring it more into line with other values in the area.

Decreases up to 22 percent in the draft PMP estimates were made in the area around
Stockton and San Jose, based on comparisons with HMR 36 and by concluding that the
1000-mb, non-orographic PMP pattern in that area reflected the values from the Central
Valley more closely. In the mountains east of Riverside the draft value of PMP calculated
as a maximum near the crest of the San Gorgonio Mountain, was reduced by around 25
percent. Furthermore, the maximum was relocated further downslope on the windward side
to conform more closely with patterns established for PMP in the Sierra. Maximum levels
of PMP were increased up to 12 percent near the crests of isolated mountain peaks in the
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desert region of southeastern California to bring their levels into closer conformity with the
(adjusted) levels at the southern end of the Sierra Nevada. Finally, very small adjustments
were made near the 42nd meridian so that there would be very close agreement with the
PMP index level in HMR 57 (1994).

The calculation of PMP involves the interaction of four independent variables: the
100-year level of precipitation from NOAA Atlas 2 (T), the non-orographic component of
the 100-year level of precipitation (C), non-orographic PMP (FAFP), and the storm intensity
factor (M). A given percentage change in any one of the first three independent variables
will produce an equal percentage change in the dependent variable (PMP). A given
percentage change in the M factor will produce a smaller percentage change in PMP for the
range of M factors in California (which range from 0.0 to 0.55). Because of the sparseness
of extreme-storm data, and since the data that are available tend to be concentrated in
densely populated areas, a degree of analytical discretion was used in performing the
analysis of C, FAFP, and M. Changes of 5 to 10 percent in the value of C, FAFP and M can
account for a 20 to 25 percent change in PMP. When comparisons with the 100-year
precipitation frequency, HMR 36 PMP values, or the greatest one-day and 24-hour amounts
dictated changes in PMP of 20 to 25 percent, we reviewed the original analyses of C, FAFP,
and M to determine whether changes of 5 to 10 percent could be justified. If so, the changes
were accepted.

This practice should not be taken to imply that the finalized index PMP values of this
report can be lowered or raised by 25 percent anywhere a user chooses, but only that changes
of this order were justified during preparation of the final product where the low density of
extreme-storm data makes such choices reasonable. In the very few instances when
adjustments in excess of 25 percent were deemed necessary, it was assumed that the
orographic factor K alone was responsible for any unrepresentativeness in the calculation
of PMP.

7.3 Monthly Variation of PMP Index Values

Monthly PMP values were constructed based upon the all-season 10-mi?, 24-hour
PMP index values. Monthly PMP index amounts are shown as a percentage of all-season
general storm PMP in Figures 7.2 to 7.11. The monthly index values are to be used with the
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Figure 7.2.  10-mi* 24-hour general-storm PMP for December through February in California

as a percent of all-season PMP (Plates 1 and 2). Same as Figure 13.1.
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Figure 7.3.

10-mi® 24-hour general-storm PMP for March in California as a percent of
all-season PMP (Plates 1 and 2). Same as Figure 13.2.
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Figure 7.4.  10-mi® 24-hour general-storm PMP for April in California as a percent of
all-season PMP (Plates 1 and 2). Same as Figure 13.3.
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Figure 7.5.

10-mi* 24-hour general-storm PMP for May in California as a percent of
all-season PMP (Plates I and 2). Same as Figure 13.4.
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Figure 7.6.

10-mi* 24-hour general-storm PMP for June in California as a percent of
all-season PMP (Plates 1 and 2). Same as Figure 13.5.
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Figure 7.7.

10-mi* 24-hour general-storm PMP for July in California as a percent of
all-season PMP (Plates I and 2). Same as Figure 13.6.
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Figure 7.8.

10-mi* 24-hour general-storm PMP for August in California as a percent of
all-season PMP (Plates 1 and 2). Same as Figure 13.7.
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Figure 7.9.  10-mi* 24-hour general-storm PMP for September in California as a percent of
all-season PMP (Plates 1 and 2). Same as Figure 13.8.
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Figure 7.10. 10-mi’ 24-hour general-storm PMP for October in California as a percent of
all-season PMP (Plates 1 and 2). Same as Figure 13.9.
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Figure 7.11. 10-mi® 24-hour general-storm PMP for November in California as a percent of

all-season PMP (Plates 1 and 2). Same as Figure 13.10.
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seasonally-adjusted depth-area-duration (DAD) relations which are discussed in Chapter 8.

The key notion involved with the seasonality maps is that monthly variation of index
PMP is well-represented by the monthly variation of maximum recorded daily precipitation.
Over 400 locations across California had precipitation records of sufficient length to be
useful. Forty-eight percent of these locations had records of at least 40 years, while close
to 10 percent (or 38 locations) had records of at least 50 years. Sixty-four percent of these
locations were below 2,000 feet elevation, 29 percent were at 2,000 to 5,000 feet, and only
5 locations were above 7,000 feet.

The daily maximum precipitation amounts for each month were normalized by
dividing each month's amount by the largest annual maximum at each site. For instance, if
the maximum 24-hour precipitation recorded at a site in August was 5 inches and the all-
time maximum 24-hour precipitation at the same site was 10 inches the resulting ratio would
be .5 or 50 percent. The resulting ratios, coded at 1,000-foot intervals above 2,000 feet,
were then plotted on the maps for analysis. No month showed any apparent elevation-ratio
dependency within the regions used to establish DAD uniformity. The regional boundaries
for DAD are shown in Chapter 3, Figure 3.3. A degree of dependency was discernable,
however, between the ratio and latitude. The southeastern region showed the strongest
physiographic influence on the distribution of ratio values on seasonality. This region
contains the Mojave Desert and its attendant northward extending valleys, and the desert
surrounding the Salton Sea eastward to Arizona. The ratios at the crests of the mountains
essentially define the northern and western edge of the southeastern DAD region. In Figures
7.6 and 7.7 a strong gradient of percentage (from 5 to 40 percent) can be seen across the
western and northern edge of the Southeast region and is well-supported by observations.
An average value of 22.5 percent is recommended for use with basins located between these
two isopercental contours. The southeastern region experiences its largest PMP stormin late
summer, whereas the rest of California experiences their PMP storms in winter. Of some
interest is the observation that the months of maximum and minimum general-storm PMP
potential are juxtaposed in the southeastern region, whereas they are separated by 5-6
months for the rest of the state. The temporal transition in the Southeast region changing
from 5 to 90 percent is exceptionally abrupt in the month of July. When constructing a
smooth curve of annual variation of percentage (see discussion below), the curve will be
very sharply pitched for the transition from July to August for locations in the Southeast
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region. We recommend such curves indicate a value of 85 percent for the dates July 31 and
August 1.

The analysis of the monthly percentages in Figures 7.2 to 7.11 was guided by the
following principles:

1. Within each DAD regions and for a given month, it is assumed that the location
of the largest observed percentage is a matter of chance, given that the period
of record is relatively long and that the maximum percentage could, therefore,
have occurred anywhere in the region.

2. If adjacent DAD regions for a given month have significantly different
maximum percentages found within their boundaries, then a gradient of
percentage 1s assumed to exist along the periphery of the regions for that month.

3. In deciding the level of percentage to assign across all or part of a region,
greater influence was given to those observations associated with: longer
period of record, associated largest depth, and fewer nearby observations.

4. In the Southeast region, large general-storm precipitation was not observed for
the greater portion of June and July. During these months, 10-mi?, 6-hour PMP
is produced by the local storm. The percentage of all-season general storm PMP
may reach zero percent, but was set at 5 percent since the period of recorded
observations in this region is on the order of a quite short 100 years.

5. When spot checks of the annual cycle of percentages revealed a brief monthly
departure from a trend not observed elsewhere in the vicinity, the monthly
isopercental analyses were revised at that location to eliminate the irregularity.

6. Although local storms produced some of the large percentage values found in
the Southeast region during the months of maximum convective potential, there
were enough instances of large percentages associated with general storms to
justify the all-season categorization for this region in August and September.
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Figures 7.2 to 7.11 contain no isopercental contours labeled greater than 90. Places
where the percentages exceeded 90 have been identified as all-season for the given month(s)
because it was assumed that at such times and places, the full 100-percent index amount of
general-storm PMP should be expected. To assure that any irregularities in the annual cycle
of percentages which remain are removed, we recommend that when setting the annual cycle
for any location, all 12 monthly percentages be plotted at the mid-point of each month and
smoothed if necessary. To achieve this, adjustment of plus or minus 5 percent may be
employed, except when an all-season value ( > 90 percent) is indicated.

Finally, when deciding on an off-season, drainage-average index value of general-
storm PMP for a specific drainage across which there is a gradient of percentages for any
month, it is recommended that an average percentage within the drainage be selected to
represent the whole drainage for that month. Percentages so obtained would be used to
represent the annual cycle of percentages for the specific drainage. These average values
could be smoothed under the constraints mentioned above.

99






8. GENERAL-STORM DEPTH-AREA-DURATION

8.1 Introduction

Depth-area-duration (DAD) data from storm events are the basis for development of
depth-duration and depth-area relations. Those depth-duration and depth-area relations are
then used with the 10-mi®, 24-hour probable maximum precipitation (PMP) Index map
(Plates 1 and 2) to develop storm-centered average depths of PMP for a selected duration
and area size. Development of the PMP Index map is discussed in Chapter 7. Both the
depth-duration and depth-area relations were a product of the combination and comparison
of storm events occurring in or transposed to a particular region. The depth-duration and
depth-area relations were normalized to 10 mi’>. They are based on highly smoothed
within-storm depth-area-duration data from important storms, as well as on continuity with
relations developed for adjacent areas. The term within-storm is a storm characteristic
determined when values of various parameters are required to be from the same storm.

The depth-duration and depth-area relations vary within the state and were assigned
to regions. The regional boundaries were determined from major topographic features and
precipitation climatology (regional DAD boundaries are shown in Chapter 3, Figure 3.3).

8.2 Adopted Relations

Table 8.1 defines the depth-duration relations for general-storm, all-season PMP at
10 mi® in California. To obtain depth-duration ratios for durations other than those in the
table, the user should draw a smooth curve connecting the listed values on semi-log graph
paper (aratio value of O at a duration of 0 hours) extracting the ratio at the desired duration.
The value for depth-duration is just one factor that will eventually be multiplied by the PMP
index value (see Chapter 13).

Regional depth-area reduction percentages for the all-season PMP storm are listed

in Table 8.2 for selected area sizes durations and regions. The data from Table 8.2 are
presented graphically in Figures 8.1 to 8.6. Examples of data from several record-setting
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storms and the relationship between the adopted DAD for two of these regions are shown
in Figures 8.7 to 8.10. These examples show that the smoothly varying sets of DAD
relationships describing a PMP storm are not found throughout all area sizes and durations
in some of the outstanding storms within a region. However, some of the storms
characteristics are quite close to those anticipated in a PMP storm. Figures 8.7 to 8.10 are
based on the data in Tables 8.3 and 8.4. In a few instances, the percentages in Table 8.4 for
a fixed area size will decrease as duration increases, eg. the storm 575 at 500 mi* and
between 6 and 24 hours. The respective depths corresponding to these percentages (68, 61),
however, are 4.67 and 11.95 inches (see Appendix 1) so no violation of depth-area rules has
occurred. Seasonally adjusted depth-duration relations for California general storms are
discussed in Section 8.3. All DAD relations presented in this chapter are expressed as
percentages of an index value of general-storm PMP averaged across an area, typically that
of a particular drainage.

Table 8.1.  All-season PMP depth-duration ratios for 10 mi for California regions.
Duration (hours)

Region 1 6 12 24 48 72
Northwest 0.10 0.40 0.73 1.00 1.49 1.77
Northeast 0.16 0.52 0.69 1.00 1.40 1.55
Midcoastal 0.13 0.45 0.74 1.00 1.45 1.70
C. Valley 0.13 0.42 0.65 1.00 1.48 1.75

Sierra 0.14 0.42 0.65 1.00 1.56 1.76
Southwest 0.14 0.48 0.76 1.00 1.41 1.59
Southeast 0.30 0.60 0.86 1.00 1.17 1.28
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Table 8.2.  All-season depth-area relations for California by region (percent of 10 mi®).

Northwest / Northeast
Area (mi°) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 100.00 100.00 100.00 100.00 100.00 100.00
50 87.50 88.50 90.00 91.50 93.00 94.00
100 82.00 84.00 86.00 88.00 89.50 91.00
200 77.00 79.50 82.00 84.00 86.00 87.75
500 69.50 73.00 76.25 78.25 81.00 83.00
1000 63.00 67.50 71.00 73.50 76.50 79.00
2000 55.50 60.50 64.00 67.00 69.50 72.00
5000 42.50 49.50 52.50 56.00 59.00 62.00
10000 32.00 40.00 43.50 47.00 51.00 54.00
Midcoastal
Area (mi%) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 100.00 100.00 100.00 100.00 100.00 100.00
50 87.50 88.75 90.00 91.00 92.00 93.00
100 81.75 83.75 85.50 87.00 88.50 90.00
200 75.75 78.25 80.50 82.50 84.50 86.25
500 67.50 71.00 73.50 76.00 78.50 80.50
1000 60.75 65.50 68.00 70.50 73.00 75.50
2000 53.00 58.50 61.50 64.00 67.00 70.00
5000 38.00 44.50 48.50 52.00 55.00 59.00
Central Valley

Area (mi’) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 100.00 100.00 100.00 100.00 100.00 100.00
50 84.50 87.25 89.50 91.50 92.75 94.00
100 77.25 81.00 84.00 86.50 88.50 90.50
200 70.00 74.50 78.00 81.00 83.00 85.00
500 59.75 64.75 68.75 72.00 74.50 77.00
1000 51.00 56.50 61.00 64.50 67.00 69.50
2000 41.00 47.50 52.00 55.50 58.50 61.50
5000 27.00 33.75 38.50 42.00 45.25 48.50
10000 14.00 21.00 26.00 30.00 33.00 36.50
10000 25.00 34.00 38.00 42.00 45.00 49.00
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Table 8.2 (cont.)  All-season depth-area relations for California by region (percent of

10 mi®).
Sierra
Area (mi®) 1hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 100.00 100.00 100.00 100.00 100.00 100.00
50 88.00 89.00 90.00 91.00 92.50 94.00
100 82.50 84.00 85.50 87.00 89.25 91.25
200 76.75 78.75 80.75 82.75 85.50 88.25
500 69.25 71.75 74.25 77.00 80.50 83.50
1000 63.25 66.25 69.25 72.25 76.25 79.75
2000 57.00 60.00 63.50 67.00 71.25 75.25
5000 47.50 51.00 55.00 59.00 63.50 68.00
10000 40.00 44.00 48.00 52.50 57.50 62.00
Southwest
Area (mi®) 1hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 100.00 100.00 100.00 100.00 100.00 100.00
50 87.75 88.50 89.50 90.50 91.75 92.75
100 81.75 83.25 84.75 86.25 87.75 89.25
200 75.75 78.00 79.75 81.50 83.75 85.75
500 67.50 70.50 72.50 75.00 77.50 80.00
1000 60.00 63.50 66.00 69.00 71.75 74.75
2000 51.00 56.00 59.00 62.00 65.00 68.00
5000 35.00 41.00 46.00 50.00 52.50 56.00
10000 22.00 30.00 34.00 38.00 42.00 46.00
Southeast
Area (mi®) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 100.00 100.00 100.00 100.00 100.00 100.00
50 89.00 90.50 91.75 93.00 94.50 96.00
100 83.50 85.25 87.25 89.00 90.75 92.50
200 76.50 79.75 82.00 84.00 86.00 88.00
500 66.00 70.75 74.00 76.50 78.75 81.00
1000 56.50 63.25 67.00 70.00 72.50 75.00
2000 46.00 54.75 59.00 62.00 64.75 67.50
5000 31.25 41.50 47.00 50.00 52.50 55.50
10000 19.00 3000 1 3600 1 3950 42.50 45.00
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Figure 8.2.  Depth-area relations for the California Midcoastal region for I to 72 hour durations. Same as Figure
13.13.
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Figure 8.3.  Depth-area relations for the California Central Valley region for 1 to 72 hour durations. Same as
Figure 13.14.
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Figure 8.6.  Depth-area relations for the California Southeast region for 1 to 72 hour durations. Same as Figure
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Figure 8.9.  Probable maximum storm depth-area relation (solid lines labeled 6, 24, and 72 hr) for the Sierra region. Open
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Table 8.3.

Depth-duration values as used in Figures 8.7 and 8.8 for two regions
(enveloped) and for two storms found in each region. Values are for 10-mi’
PMP and individual storm depths, expressed as a percent of 10-mi*, 24-hour
depth.

Duration (hours)

1 6 12 24 48 72

Region/

Storm ID No.

Sierra 14 42 65 100 156 176
575 13 35 56 100 135 149
1010 10 30 54 100 156 176

Southwest 14 48 76 100 141 159
1002 13 48 78 100 127 161
1003 11 37 64 100 138 141

Table 8.4.  Depth-area values for individual storms (indicated by storm reference

number) found in indicated regions. Values are for depth of precipitation at
the indicated area size and duration, expressed as a percent of each storm's
depth at 10-mi*. "m" indicates a missing depth. Values are found in Figures
8.9 and 8.10.
Sierra Region Southwest Region
Storm 575 Storm 1010 Storm 1002 Storm 1003
Duration (Hours)

Area

(mi?) 6 24 72 6 24 72 6 24 72 6 24 72

5,000 m 42 66 41 44 56 33 39 36 41 41 49

1,000 54 53 80 64 60 67 53 65 56 59 62 67
500 68 61 83 74 68 73 66 68 62 69 73 76
100 86 86 97 92 89 91 89 91 74 85 86 90
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8.3 Seasonal Adjustments to General-Storm DAD Curves

Once the all-season DAD relations had been agreed upon, normalized DAD relations
from the outstanding seasonal storms were smoothed for durational consistency and then
expressed as a percentage of the all-season values. These off-season percentages (referenced
as "factors" 1n this section) fell into two classes: off-season depth-duration factors for
10-mi® and off-season depth-area factors for selected durations. The factors were plotted
for each class. The y-axis on each diagram was in units of percentage; the x-axis for the
depth-duration factors was in units of months away from the envelope of all-season months,
and for the depth-area factors it was in units of area size. In the depth-duration factor
diagram, the plotted points from the outstanding off-season storms were values (of
percentage) for durations of 1-, 6-, 12-, 24-, 36-, 48-, and 72-hours at monthly offsets from
the all-season envelope. Contours of percentage were drawn on the diagram for each
duration. For the depth-area factor diagram, the plotted percentages were at selected area
sizes and for monthly offsets from the all-season envelope. Contours of percentage were
also drawn. The results are shown in Table 8.5.

A monthly offset or departure from the all-season envelope of months was considered
positive if it followed the last month in the envelope and considered negative if it preceded
the first month in the envelope. For example, if the all-season envelope for some location
(as determined from Chapter 7, Figures 7.2 to 7.11) extends from October through March,
then the "off-season" months of April, May, and June are designated as +1, +2, and +3
months respectively away from the all-season envelope of DAD relations; while September,
August, and July are designated as -1, -2, and -3 months offset, respectively, from the
envelope of all-season DAD relations. Furthermore, an even number of off-season months
can be divided evenly between positive and negative offsets; while for an odd number of
off-season months, the remaining month is given a negative offset. The values of the factors
are symmetric about the all-season envelope of months. The factors were derived from the
four largest (at 10-mi?, 24-hours) off-season storms (numbers 575, 1012, 1015, and 1016),
none of which were located in the southeast DAD region. At the places where the four
storms were centered, their dates of occurrence (in units of months departure from the all-
season envelope at that site) were -0.5, +2, -3, and -3 months, respectively. Furthermore,
these four storms took place in just 3 of the 6 non-southeastern DAD regions. It was
therefore decided to group the depth-area and depth-duration factors derived from these
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Table 8.5.  Seasonally adjusted 10-mi® depth-duration ratios (monthly offsets).

Northwest

Offset 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr

1 0.102 0.404 0.734 1.000 1.445 1.682

2 0.106 0.416 0.745 1.000 1.386 1.558

3 0.112 0.428 0.759 1.000 1.341 1.469

4 0.121 0.448 0.774 1.000 1.296 1.416

5 0.127 0.464 0.788 1.000 1.267 1.381
Northeast

Offset 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr

1 0.163 0.525 0.693 1.000 1.358 1.473

2 0.170 0.541 0.704 1.000 1.302 1.364

3 0.179 0.556 0.718 1.000 1.260 1.287

4 0.194 0.582 0.731 1.000 1.218 1.240

5 0.203 0.603 0.745 1.000 1.190 1.209
Midcoastal

Offset 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr

1 0.133 0.455 0.744 1.000 1.407 1.615

2 0.138 0.468 0.755 1.000 1.349 1.496

3 0.146 0.482 0.770 1.000 1.305 1.411

4 0.157 0.504 0.784 1.000 1.262 1.360

5 0.165 0.522 0.799 1.000 1.233 1.326

Central Valley

Offset 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr

1 0.133 0.424 0.653 1.000 1.436 1.663

2 0.138 0.437 0.663 1.000 1.376 1.540

3 0.146 0.449 0.676 1.000 1.332 1.453

4 0.157 0.470 0.689 1.000 1.288 1.400

S 0.165 0487 0.702 1.000 1.258 1.365
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Table 8.5. (cont.)

Seasonally adjusted 10-mi’* depth-duration ratios (monthly offsets).

Sierra
Offset 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
1 0.143 0.424 0.653 1.000 1.513 1.672
2 0.148 0.437 0.663 1.000 1.451 1.549
3 0.157 0.449 0.676 1.000 1.404 1.461
4 0.169 0.470 0.689 1.000 1.357 1.408
5 0.178 0.487 0.702 1.000 1.326 1.373
Southwest
Offset 1hr 6 hr 12 hr 24 hr 48 hr 72 hr
1 0.143 0.485 0.764 1.000 1.368 1.511
2 0.148 0.499 0.775 1.000 1.311 1.399
3 0.157 0.514 0.790 1.000 1.269 1.320
4 0.169 0.538 0.806 1.000 1.227 1.272
5 0.178 0.557 0.821 1.000 1.199 1.240
Southeast
Offset 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
1 0.294 0.594 0.856 1.000 1.206 1.347
2 0.283 0.577 0.843 1.000 1.258 1.455
3 0.268 0.561 0.827 1.000 1.300 1.542
4 0.248 0.536 0.811 1.000 1.345 1.600
5 0.236 0.517 0.796 1.000 1.376 1.641
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storms into only 2 regional groups: a non-southeastern and southeastern. The values of the
depth-area and depth-duration percentage factors for the southeast region are the inverse of
the percentages derived from the rest of California. The contours drawn on the depth-area
and depth-duration factor diagrams were, of necessity, based on significant extrapolation
from a limited amount of information.

Once the contours were completed, values were extracted to form an array for
selected area sizes, durations and monthly departures for the two off-season regions. These
percentages were then multiplied with corresponding all-season, regional DAD to produce
an array of seasonally-adjusted, regional DAD. These DAD are found in Tables 8.6 t0 8.11.
Because of the multiplicity of the DAD relations, it was decided not to present them here as
plotted curves. The reader who requires values of off-season PMP for a drainage area in one
of the DAD regions should plot the appropriate depth-area-duration information, from
Tables 8.6 to 8.11, and interpolate as required.

For a particular application, when deciding whether the month of interest should
begin with a plus or minus designator, we recommend the user to “take the shorter path”
from the edge of the all-season envelope of months to the month of interest, i.e., choose the
value which is smaller in absolute value. For example, if the all-season envelope extends
from October to March and the month of interest is July, one might choose either -3 or +4.
The “shorter path” to July is from October not March so the recommended choice is -3. This
kind of decision comes into play only when the all-season envelope of months is an even
number.

In most situations it is likely that there is some month in which the average monthly
percentage of all-season index PMP for a drainage is 100 percent. However, this might not
always be the case. When there is no month in which the average percentage for a drainage
is 100 percent, the all-season month or envelope of months is defined as that month or
months in which the average percentage is at a maximum. Average percentages within one
percent of each other should be regarded as the same.

An example for a particular drainage area will help bring together the several strands
developed above. Table 8.12 contains the information needed to calculate PMP for an
off-season month at Auburn, a 973-mi* drainage located between Sacramento and Lake
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Table 8.6.  Seasonally adjusted areal reduction factors for the Northeast and Northwest

regions.
Offset 1 Month

Area (mi?) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.913 0.930 0.948 0.960 0.967 0.975
100 0.861 0.883 0.905 0.928 0.945 0.960
200 0.785 0.818 0.847 0.871 0.900 0.919
500 0.677 0.725 0.769 0.798 0.835 0.859
1000 0.582 0.644 0.690 0.730 0.762 0.790
2000 0.480 0.559 0.608 0.650 0.680 0.709
5000 0.340 0.436 0.478 0.524 0.561 0.595
10000 0.240 0.338 0.372 0.418 0.467 0.502

Offset 2 Months
Area (mi?) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.894 0.921 0.939 0.952 0.959 0.965
100 0.831 0.868 0.892 0916 0.929 0.941
200 0.753 0.802 0.834 0.858 0.880 0.892
500 0.641 0.702 0.746 0.778 0.806 0.825
1000 0.544 0.617 0.658 0.697 0.728 0.751
2000 0.447 0.528 0.570 0.610 0.639 0.666
5000 0.313 0.401 0.436 0.484 0.519 0.552
10000 0.218 0.302 0.335 0.381 0.428 0.459

Offset 3 Months
Area (mi®) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.883 0.916 0.933 0.944 0.950 0.955
100 0.809 0.859 0.882 0.904 0.916 0.926
200 0.729 0.789 0.821 0.844 0.867 0.878
500 0.619 0.687 0.726 0.757 0.785 0.803
1000 0.522 0.596 0.636 0.671 0.697 0.719
2000 0.425 0.500 0.541 0.576 0.605 0.634
5000 0.294 0.374 0.412 0.451 0.481 0.512
10000 0.205 0.284 0.320 0.355 0.393 0.424
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Table 8.6. (cont.)  Seasonally adjusted areal reduction factors for the Northeast and
Northwest regions.
Offset 4 Months

Area (mi’) 1hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000

50 0.865 0.902 0.926 0.940 0.946 0.952
100 0.787 0.837 0.869 0.890 0.901 0.913
200 0.696 0.760 0.800 0.821 0.842 0.853
500 0.576 0.649 0.695 0.721 0.747 0.765
1000 0.474 0.555 0.601 0.633 0.658 0.679
2000 0.375 0.464 0.502 0.536 0.563 0.590
5000 0.244 0.337 0.375 0.412 0.435 0.459
10000 0.162 0.248 0.283 0.317 0.354 0.383

Offset 5 Months

Area (mi%) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000

50 0.851 0.893 0.917 0.931 0.946 0.955
100 0.770 0.823 0.851 0.874 0.886 0.898
200 0.672 0.743 0.778 0.801 0.822 0.833
500 0.551 0.627 0.667 0.697 0.722 0.740
1000 0.448 0.538 0.572 0.607 0.635 0.660
2000 0.347 0.445 0.480 0.516 0.546 0.572
5000 0.216 0.322 0.352 0.392 0.425 0.453
10000 0.141 0.228 0.261 0.298 0.339 0.367
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Table 8.7.  Seasonally adjusted areal reduction factors for the Midcoastal region.
Offset 1 Month
Area (mi%) 1hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.903 0.915 0.928 0.943 0.957 0.975
100 0.846 0.868 0.886 0.908 0.930 0.949
200 0.775 0.804 0.832 0.856 0.885 0.909
500 0.663 0.710 0.750 0.778 0.815 0.838
1000 0.564 0.630 0.671 0.706 0.738 0.770
2000 0.458 0.536 0.584 0.621 0.655 0.690
5000 0.308 0.392 0.441 0.486 0.523 0.566
10000 0.188 0.287 0.325 0.374 0.412 0.456
Offset 2 Months
Area (mi%) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.885 0.906 0.919 0.935 0.949 0.965
100 0.817 0.853 0.872 0.896 0.914 0.931
200 0.743 0.787 0.820 0.843 0.866 0.882
500 0.627 0.688 0.727 0.758 0.786 0.805
1000 0.527 0.603 0.639 0.673 0.704 0.732
2000 0.427 0.506 0.547 0.582 0.616 0.648
5000 0.283 0.360 0.403 0.450 0.484 0.525
10000 0.170 0.257 0.293 0.340 0.378 0.417
Offset 3 Months
Area (mi?) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.874 0.902 0913 0.927 0.940 0.955
100 0.795 0.844 0.862 0.885 0.901 0.917
200 0.719 0.775 0.807 0.830 0.852 0.869
500 0.606 0.673 0.708 0.739 0.766 0.784
1000 0.505 0.583 0.619 0.648 0.674 0.701
2000 0.405 0.480 0.520 0.550 0.583 0.616
5000 0.266 0.336 0.381 0419 0.448 0.487
10000 0.160 0.241 0.279 0.317 0.347 0.385

122




Table 8.7. (cont.)  Seasonally adjusted areal reduction factors for the Midcoastal region.

Offset 4 Months
Area (mi%) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.855 0.888 0.907 0.923 0.936 0.952
100 0.774 0.823 0.850 0.871 0.887 0.903
200 0.688 0.746 0.786 0.807 0.827 0.843
500 0.564 0.636 0.677 0.703 0.729 0.747
1000 0.459 0.543 0.584 0.612 0.637 0.662
2000 0.358 0.445 0.483 0.512 0.543 0.574
5000 0.220 0.303 0.347 0.382 0.406 0.437
10000 0.126 0.211 0.247 0.284 0.313 0.348
Offset 5 Months
Area (mi?) 1hbr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 0.000
50 0.842 0.879 0.897 0.915 0.936 0.000
100 0.757 0.809 0.832 0.855 0.872 0.000
200 0.664 0.730 0.765 0.787 0.808 48.000
500 0.539 0.614 0.650 0.679 0.705 1.016
1000 0.434 0.526 0.556 0.587 0.615 0.919
2000 0.331 0.427 0.461 0.493 0.526 0.875
5000 0.196 0.289 0.325 0.364 0.396 0.834
10000 0.110 0.194 0.228 0.267 0.299 0.749
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Table 8.8.  Seasonally adjusted areal reduction factors for the Central Valley region.
Offset 1 Month
Area (mi®) 1hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.828 0.886 0.918 0.940 0.952 0.970
100 0.752 0.823 0.866 0.893 0.915 0.934
200 0.663 0.750 0.798 0.832 0.860 0.889
500 0.536 0.638 0.701 0.739 0.775 0.803
1000 0.437 0.541 0.608 0.652 0.683 0.715
2000 0.333 0.440 0.504 0.548 0.582 0.616
5000 0.207 0.295 0.350 0.393 0.432 0.466
10000 0.113 0.182 0.222 0.267 0.302 0.339
Offset 2 Months
Area (mi?) 1hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.812 0.877 0.909 0.932 0.944 0.960
100 0.726 0.809 0.853 0.882 0.899 0.916
200 0.636 0.734 0.786 0.819 0.841 0.862
500 0.507 0.618 0.679 0.720 0.748 0.771
1000 0.408 0.518 0.580 0.622 0.652 0.679
2000 0.310 0.415 0.472 0.514 0.547 0.578
5000 0.190 0.271 0.320 0.363 0.400 0.432
10000 0.102 0.162 0.200 0.243 0.277 0.310
Offset 3 Months
Area (mi®) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.802 0.872 0.903 0.924 0.935 0.951
100 0.707 0.801 0.843 0.870 0.886 0.902
200 0.615 0.723 0.774 0.806 0.828 0.849
500 0.490 0.605 0.661 0.701 0.729 0.751
1000 0.391 0.500 0.561 0.599 0.624 0.651
2000 0.295 0.394 0.448 0.486 0.518 0.550
5000 0.179 0.253 0.302 0.338 0.371 0.400
10000 0.096 0.153 0.191 0.227 0.254 0.287
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Table 8.8. (cont.)  Seasonally adjusted areal reduction factors for the Central Valley
region.

Offset 4 Months
Area (mi®) 1hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.785 0.859 0.897 0.920 0.931 0.947
100 0.688 0.780 0.831 0.857 0.873 0.889
200 0.588 0.696 0.753 0.784 0.804 0.825
500 0.456 0.572 0.633 0.668 0.694 0.716
1000 0.355 0.466 0.529 0.565 0.590 0.615
2000 0.260 0.365 0.416 0.452 0.482 0.513
5000 0.148 0.228 0.275 0.309 0.336 0.359
10000 0.076 0.133 0.169 0.203 0.229 0.259
Offset 5 Months

Area (mi?) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.772 0.850 0.888 0.912 0.931 0.951
100 0.673 0.768 0.813 0.841 0.858 0.874
200 0.568 0.681 0.733 0.764 0.785 0.805
500 0.436 0.552 0.608 0.645 0.670 0.692
1000 0.336 0.451 0.504 0.542 0.569 0.597
2000 0.241 0.350 0.398 0.435 0.467 0.497
5000 0.131 0.218 0.258 0.294 0.328 0.354
10000 0.066 0.123 0.156 0.191 0.219 0.248
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Table 8.9.  Seasonally adjusted areal reduction factors for the Sierra region.

Offset 1 Month
Area (mi?) 1hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.908 0.920 0.933 0.950 0.962 0.985
100 0.851 0.868 0.886 0.908 0.930 0.960
200 0.775 0.799 0.822 0.851 0.880 0.919
500 0.667 0.706 0.745 0.778 0.820 0.859
1000 0.582 0.630 0.676 0.715 0.762 0.810
2000 0.493 0.550 0.603 0.650 0.699 0.749
5000 0.385 0.449 0.501 0.552 0.608 0.653
10000 0.300 0.372 0.410 0.472 0.531 0.577

Offset 2 Months
Area (mi2) 1hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.889 0.911 0.924 0.942 0.954 0.975
100 0.821 0.853 0.872 0.896 0.914 0.941
200 0.743 0.782 0.810 0.839 0.861 0.892
500 0.632 0.684 0.722 0.758 0.791 0.825
1000 0.544 0.603 0.644 0.683 0.728 0.770
2000 0.459 0.519 0.565 0.610 0.658 0.703
5000 0.354 0.413 0.457 0.510 0.563 0.605
10000 0.272 0.332 0.370 0.429 0.487 0.527

Offset 3 Months
Area (mi%) 1hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.878 0.907 0.918 0.934 0.945 0.965
100 0.800 0.844 0.862 0.885 0.901 0.926
200 0.719 0.770 0.797 0.825 0.847 0.878
500 0.611 0.669 0.703 0.739 0.771 0.803
1000 0.522 0.583 0.623 0.657 0.697 0.737
2000 0.436 0.492 0.537 0.576 0.622 0.669
5000 0.333 0.385 0.432 0.475 0.522 0.561
10000 0.256 0.312 0.353 0.400 0.447 0.487
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Table 8.9. (cont.)  Seasonally adjusted areal reduction factors for the Sierra region.

Offset 4 Months
Area (mi?) 1hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.860 0.893 0.912 0.930 0.941 0.961
100 0.778 0.823 0.850 0.871 0.887 0.913
200 0.688 0.742 0.777 0.802 0.823 0.853
500 0.568 0.632 0.673 0.703 0.734 0.765
1000 0.474 0.543 0.588 0.621 0.658 0.697
2000 0.385 0.456 0.498 0.536 0.579 0.623
5000 0.276 0.347 0.393 0.434 0.472 0.503
10000 0.202 0.273 0.312 0.358 0.403 0.440
Offset 5 Months

Area (mi?) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.846 0.883 0.902 0.922 0.941 0.965
100 0.761 0.809 0.832 0.855 0.872 0.898
200 0.664 0.725 0.756 0.783 0.803 0.833
500 0.543 0.610 0.646 0.679 0.709 0.740
1000 0.448 0.526 0.560 0.595 0.635 0.676
2000 0.356 0.438 0.476 0.516 0.561 0.604
5000 0.245 0.332 0.369 0.413 0.461 0.496
10000 0.176 0.251 0.288 0.337 0.386 0.422
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Table 8.10. Seasonally adjusted areal reduction factors for the Southwest region.

Offset 1 Month
Area (mi’) 1hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.893 0.915 0.928 0.940 0.952 0.965
100 0.837 0.863 0.881 0.898 0.920 0.939
200 0.770 0.799 0.818 0.842 0.870 0.899
500 0.658 0.696 0.730 0.758 0.795 0.828
1000 0.555 0.611 0.647 0.686 0.723 0.760
2000 0.441 0.513 0.561 0.601 0.636 0.670
5000 0.284 0.361 0.419 0.468 0.499 0.538
10000 0.165 0.254 0.291 0.338 0.384 0.428
Offset 2 Months
Area (mi®) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.875 0.906 0.919 0.932 0.944 0.955
100 0.807 0.848 0.867 0.887 0.904 0.921
200 0.739 0.782 0.805 0.829 0.851 0.872
500 0.623 0.674 0.708 0.739 0.767 0.795
1000 0.519 0.585 0.616 0.655 0.690 0.722
2000 0.411 0.484 0.525 0.564 0.598 0.629
5000 0.261 0.332 0.382 0.433 0.462 0.498
10000 0.150 0.227 0.262 0.308 0.353 0.391
Offset 3 Months

Area (mi®) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.864 0.902 0.913 0.924 0.935 0.946
100 0.786 0.840 0.858 0.875 0.891 0.907
200 0.715 0.770 0.793 0.815 0.838 0.859
500 0.602 0.660 0.689 0.720 0.747 0.775
1000 0.497 0.566 0.596 0.630 0.661 0.692
2000 0.390 0.459 0.499 0.533 0.566 0.598
5000 0.245 0.310 0.361 0.403 0.428 0.462
10000 0.141 0.213 0.250 0.287 0.323 0.361
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Table 8.10. (cont.) Seasonally adjusted areal reduction factors for the Southwest region.

Offset 4 Months
Area (mi?) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.846 0.888 0.907 0.920 0.931 0.942
100 0.765 0.818 0.845 0.861 0.877 0.894
200 0.683 0.742 0.772 0.793 0.813 0.834
500 0.560 0.624 0.659 0.685 0.712 0.738
1000 0.451 0.527 0.563 0.595 0.624 0.654
2000 0.344 0.426 0.463 0.496 0.527 0.558
5000 0.203 0.279 0.329 0.368 0.387 0414
10000 0.111 0.186 0.221 0.257 0.292 0.327
Offset 5 Months

Area (mi%) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.833 0.879 0.897 0912 0.931 0.946
100 0.748 0.805 0.827 0.846 0.863 0.879
200 0.660 0.725 0.751 0.774 0.794 0.814
500 0.536 0.602 0.633 0.662 0.688 0.713
1000 0.427 0.510 0.536 0.571 0.602 0.635
2000 0.319 0.409 0.443 0.477 0.510 0.541
5000 0.180 0.267 0.308 0.350 0.378 0.409
10000 0.097 0.171 0.204 0.241 0.279 0.313
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Table 8.11. Seasonally adjusted areal reduction factors for the Southeast region.

Offset 1 Month

Area (mi®) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.902 0.935 0.945 0.952 0.964 0.970
100 0.838 0.877 0.894 0.912 0.920 0.929

200 0.779 0.832 0.848 0.874 0.880 0.891

500 0.713 0.760 0.776 0.807 0.820 0.837

1000 0.643 0.702 0.725 0.745 0.763 0.780

2000 0.561 0.622 0.647 0.655 0.675 0.690

5000 0.389 0.477 0.522 0.535 0.553 0.573

10000 0.253 0.355 0.427 0.444 0.464 0.484
Offset 2 Months

Area (mi®) 1hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.921 0.944 0.954 0.960 0.972 0.980
100 0.869 0.892 0.908 0.924 0.936 0.947

200 0.813 0.849 0.861 0.887 0.900 0.918

500 0.753 0.785 0.800 0.828 0.850 0.871

1000 0.688 0.733 0.761 0.781 0.799 0.821

2000 0.602 0.659 0.691 0.698 0.717 0.735

5000 0.423 0.519 0.572 0.578 0.597 0.618

10000 0.279 0.397 0.474 0.488 0.506 0.529
Offset 3 Months

Area (mi?) 1hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.932 0.949 0.960 0.968 0.982 0.990
100 0.892 0.902 0.918 0.936 0.950 0.962
200 0.840 0.862 0.874 0.902 0914 0.933
500 0.779 0.802 0.822 0.850 0.872 0.894

1000 0.718 0.759 0.787 0.811 0.834 0.857
2000 0.634 0.695 0.728 0.738 0.759 0.773
5000 0.450 0.556 0.605 0.621 0.644 0.667
10000 0.297 0.423 0.497 0.523 0.552 0.573
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Table 8.11. (cont.) Seasonally adjusted areal reduction factors for the Southeast region.

Offset 4 Months

Area (mi®) 1hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.952 0.964 0.967 0.972 0.986 0.994
100 0.917 0.926 0.932 0.951 0.965 0.976
200 0.879 0.896 0.898 0.927 0.941 0.961

500 0.838 0.849 0.859 0.893 0.916 0.939

1000 0.791 0.815 0.833 0.859 0.883 0.907

2000 0.719 0.750 0.783 0.794 0.815 0.829

5000 0.543 0.618 0.664 0.680 0.711 0.743

10000 0.376 0.484 0.562 0.585 0.612 0.634
Offset 5 Months

Area (mi?) 1 hr 6 hr 12 hr 24 hr 48 hr 72 hr
10 1.000 1.000 1.000 1.000 1.000 1.000
50 0.968 0.974 0.977 0.981 0.986 0.990
100 0.938 0.941 0.952 0.968 0.981 0.993
200 0.910 0.916 0.923 0.951 0.964 0.984
500 0.876 0.880 0.894 0.924 0.948 0.971

1000 0.836 0.841 0.875 0.896 0915 0.934
2000 0.776 0.781 0.820 0.825 0.841 0.855
3000 0.612 0.646 0.709 0.714 0.729 0.753
10000 0.432 0.526 0.608 0.622 0.639 0.662
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Table 8.12. Comparison of all-season PMP with May PMP (2 month offset} in the
973-mi* Auburn drainage (Sierra region).

Duration 1hr 6 hr 12 hr 24 hr 48 hr 72 hr

I.  All-season basin (973-mi’) average depth (in.) 2.20 6.90 11.21 17.72 29.56 | 34.64
PMP from Chapter 10, Table 10.1.

2a.  Average PMP index (10-mi%, 24-hour) value 24.6
(in.) from Plate 2 for the basin.

2b.  All-season Sierra depth-duration ratios from 0.14 042 0.65 1.00 1.56 1.76
Table 8.3.

3. All-season 10-mi’ average depth (in.) PMP for 34 10.3 16.0 24.6 384 43.3
the basin (line 2a times line 2b).

4. May index PMP as a ratio of all-season index .68
PMP from Chapter 7, Figure 7.5.

5.  May average PMP index value (in.) for the 16.7
basin (line 4 times line 2a).

6. May depth-duration ratios for 10 mi* from 0.148 | 0437 | 0.663 1.000 } 1.451 | 1.549
Table 8.5.

7. May 10-mi’ average depth (in.) PMP for the 2.5 7.3 11.1 16.7 24.2 259

basin (line 6 times line 5).

8. Depth-area reduction ratios interpolated for the 0.548 | 0.607 | 0.648 | 0.687 | 0.731 | 0.773
basin (973-mi?) from Table 8.9.

9. May basin (973-mi?) average depth (in.) PMP 14 4.4 7.2 11.5 17.7 20.0
(line 7 times line 8).

10.  Ratios of May 10-mi? average depth PMP for 0.735 | 0.709 | 0.694 | 0.679 | 0.630 | 0.598
the basin to the all-season 10-mi’® average depth
PMP for the basin (line 7 divided by line 3).

11. Ratios of May basin (973-mi”) average depth 0.636 | 0.638 | 0.642 | 0.649 | 0.599 | 0.577
PMP to the all-season basin (973-mi?) average
depth PMP (line 9 divided by line 1).
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Tahoe. The Auburn drainage is shown on the map in Chapter 10, Figure 10.1 The
procedure begins by obtaining the all-season PMP from Chapter 10, Table 10.1 (line 1 of
Table 8.12). The values on line 1 are not needed in the process used to get PMP for an off-
season month, but are included in the table so they may be compared with the derived off-
season PMP. Next, we obtain the basin-average PMP from the PMP Index map using any
well-established technique (line 2a). Multiplying line 2a by the all-season, depth-duration
ratios (line 2b) for the Sierra region from Table 8.3 results in line 3. Line 3 will be used only
to derive line 10 for comparison with line 11 in comment “A.” below. Then Chapter 7,
Figure 7.5 is used to get the average percentage value in the drainage for May (line 4).
Multiplication of line 3 at 24 hours and line 4 provides us with the index value of PMP for
May (line 5). Lines 6 and 8 contain the seasonally-adjusted DAD. Examination of Figures
7.2 through 7.11 reveals that the all-season envelope of months at Auburn runs from
November through March. Thus May becomes a 2-month offset. The line 6 values are read
directly from Table 8.5. Any reasonable interpolation scheme of the values in Table 8.9 may
be used to get the values on line 8. The procedures followed in lines 2 through 10 would
be used to obtain off-season PMP for any drainage.

As for the ratios on line 11 of Table 8.12, one should expect these values to reflect
the peculiar circumstances of the drainage in question and the month under consideration.
In the case illustrated here, viz. Auburn in May, it is of significance to note that:

A. Comparing lines 10 and 11, notice that for all durations, the reduction in PMP
potential in May (spring) as compared with the all-season months - October
through March (winter) - is greater at 973 mi* than at 10 mi*>. This would
seem to indicate that there is a greater decrease in the capacity of the
atmosphere to produce widespread, orographic precipitation in the spring,
vis a vis winter, than in the atmosphere's capacity to produce smaller scale,
intense precipitation during the same seasonal interval, at least in the Sierra

of California.

B. The results in line 11 show that when the May basin average depth of PMP
(line 9) is compared to the all-season (winter) basin average depth of PMP
(line 1), the reduction potential in May is greater at 2 and 3 days than at 1 day.
This reflects a lesser capacity of the atmosphere to produce consecutive (or

133



repeating) heavy precipitation episodes in the Spring in the California Sierra,

vis a vis the winter.

Furthermore, why is the reduction in PMP potential in line 11 at 1 hour greater
than at 6, 12, and 24 hours? Perhaps the answer lies in reframing the question
to ask why the ratios at 6, 12, and 24 hours are greater than at 1 hour. We are
not certain of the answer, but it can be speculated that in the durational range
of 6 to 24 hours, atmospheric conditions in some manner in the spring are
more favorable to synergistic interactions among the small-scale, heavy
precipitation-producing elements than in the winter; while, at the same time,
1 hour is not sufficient time for such (speculative) interactions to take place
regardless of season. Hence, there is a relative percentage increase at 6
through 24 hours, compared with the 1-hour percentage.
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9. LOCAL-STORM PMP

9.1 Introduction

Local-storm probable maximum precipitation (PMP) estimates were developed to
provide rainfall values for small basins and short-duration storms in California.
HMR 49 (1977) was the first report to provide such estimates for the state. HMR 49
excluded the northwestern corner of California (see Figure 4.1 in HMR 49 for exact area)
from Jocal-storm PMP consideration. It was believed that the stable Pacific air usually
predominating in this region precluded the development of excessive thunderstorm rainfall.
However, the revised PMP for the northwestern United States, HMR 57 (1994) provides
PMP estimates west of the Cascade mountain divide to the coast. In order to maintain
continuity with HMR 57 the current study extends PMP to the northwest coast of California.
This was done despite the fact that no major new storms were observed in that area since the
publication of HMR 49. HMR 49 used data for the period from 1940-1972; an additional 25
years were available for the current study.

9.2 Definition and Methodology

The definition of local storms in the PMP process has remained relatively constant
since the term was first applied in HMR 43 (1966), but the changes that were made are
important. As defined in HMR 49 they are “unusually heavy rains exceeding 3 inches in
3 hours or less that are reasonably isolated from surrounding rains.” The maximum duration
allowed for such storms was increased to 6 hours in HMR 49 to account for the merging of
several shorter duration events. In HMR 49 the areal coverage was defined for storms
ranging up to a maximum of 500 mi’ although the majority of storms cover an area
substantially less than this. One of the biggest problems in defining local storms is the issue
of “reasonably isolated” rainfall. Many times significant storms are embedded within a more
widespread light or moderate rainfall pattern, and it is a matter of some debate as to which
storms of this type to include. Several embedded locally heavy rains in California storms
have been included in the list of record local storms, shown in Table 9.1. HMR 49 restricted
such embedded storm types to the warm season, from about May through October. However,
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Table 9.1.  Extreme local storms in California (rainfall in inches, duration in minutes).

# Location Lat. Lon. Elev Date Rainfall { Duration References

1. Encinitas 32°59' -117°15 100 | 10/12/1889 7.58 8 hours Pyke 1975

2. Campo 32°36" -116°28' 2590 8/12/1891 11.5 80 HMR 37

3. Kennett 40°45' -122°24' 730 5/9/1915 8.25 8 hours HMR 37

4, Wrights 37°08" -121°55' 1600 9/12/1918 3.5 60 HMR 37

5. Red Bluff 40°09' -122°1% 340 9/14/1918 4.7 180 HMR 37

6. Campo 32°36' -116°28 2590 7/18/1922 7.1 120 CD 1922

7. Squirrel Inn 34°14" -118°15 5280 7/18/1922 5.01 90 CD 1922

8. Tehachapi 35°08' -11827 3975 9/30/1932 10.6 5 hours USCOE 1961; HMR 50
9. Indio 33%43"' -116°13' -12 9/24/1939 6.75 6 hours Pyke 1975

10. | Fullerton Creek 33°54' -117°55' 400 3/14/1941 2.51 40 USCOE 1941a.
11. | Needles 34°51" -114°36' 480 8/9/1941 2.00 60 USCOE 1941b.
12. | Avalon 33°21" -118°19' 10 § 10/21/1941 5.53 210 HMR 37

13 Los Angeles 34°00" -118°10' 500 3/3/1943 332 180 HMR 37

14. Tehachapi 35°08' -11827 3975 10/6/1945 3.17 120 HMR 49

15. Cucamonga 34°05" -117°25" 1650 9/29/1946 3.20 80 San Bernardino FCD
16. | LaQuinta 33°40" -116°19' 50 7/22/1948 3.00 210 USCOE 1957

17. | Fresno (NE of) 37°09" -119°30° 1100 5/17/1949 2.26 60 USWB 1949

18. Vallecito 32°58' -116%21 1450 7/18/1955 7.1 70 USCOE 1955

19. | Chiatovich Flat 37°44" -118°15' 10320 7/19/1955 8.25 150 Kesseli & Beaty 1959
29. Santa Barbara 34°26' -119°43' 10 2/4/1958 1.66 70 USCOE 1958
21. | Newton 40°42' -122°22 700 9/18/1959 10.6 5 hours HMR 37

22. | Darwin 36°16' -117°35' 4900 7/13/1967 3.35 20 Cal. DWR 1973
23. | Los Angeles 34°00" -118°10' 270 | 11/19/1967 1.51 30 CD 1967

24. | Bakersfield 35°25" -119°03' 475 6/7/1972 3.00 60 Bryant 1972

25. | Redding 40°34' -122°25 580 8/14/1976 3.20 240 Fontana 1977
26. | Borrego 33°12" -116°20' 576 9/23/1976 4.00 180 USCOE 1977
27. | Goleta 34°26' -119°53 10 10/1/1976 4.00 90 Santa Barbara FCD 1976
28. | Santa Barbara 34°25" -119°42' 100 1/10/1978 1.37 20 Santa Barbara FCD 1978
29. | Forni Ridge 38°48' -120°13" 7600 6/18/1982 5.76 6 hours Kuehn 1983

30. | Palomar Min. 33°21" -116°52° 5550 8/13/1992 6.40 120 HPD 1992

31. { Copco 41°59' -122°21" 3000 7/21/1995 2.30 30 NWS 1995
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the current study showed that some important local storms of the embedded type occurred
in the cool season and are included here. As will be seen in this report, the former distinction
between general- and local-storms has been blurred and a more complex array of storm types
1s recognized.

Local-storm PMP followed a methodology first used in the studies for the northwest
United States, in HMR 43, HMR 49, HMR 55A (1988) and later in HMR 57.

9.3 Storm Record

The first and perhaps most important step in PMP development is the selection of the
major local storms that will form the cornerstone for the calculation of PMP. One starting
point was the list of major short-period rains contained in the PMP study for the Colorado
River and Great Basin, HMR 49. The California major local storms, including those from
HMR 49, are listed in chronological order in Table 9.1. The locations of the 31 storms are
shown in Figure 9.1. Some minor corrections for latitude and longitude errors in the HMR
49 list were made, as well as the addition of 14 new storms. Seven of the new storms in
Table 9.1 predate the 1975 data cutoff in HMR 49, but were not included in the HMR 49 list
for a number of reasons. Either they had been overlooked completely, were examined and
rejected due their hybrid nature, or did not quite meet the rainfall intensity criteria established
in HMR 49. Asaresult of revised criteria and re-examination, seven storms which occurred
prior to 1975 were added: 9. Indio, September 24,1939; 10. Fullerton, March 14, 1941;
11. Needles, August 9,1941; 17. Fresno, May 17, 1949; Santa Barbara, February 4, 1958;
22. Darwin, July 13, 1967; and 23. Los Angeles, November 19, 1967. The number are for
reference in locating the storms on the map in Figure 9.1. Seven extreme local storms which
occurred since the publication of HMR 49 were also added. The seven new storms include:
25. Redding, (Aug.14, 1976); 26. Borrego, (Sept.23, 1976); 27. Goleta, (Nov.1, 1976);
28. Santa Barbara, (Jan.10, 1978); 29. Forni Ridge, (June 18, 1982); 30. Palomar Mountain,
(Aug.8, 1992); and 31. Copco, (July 21, 1995). Three of the most important new storms:
Redding, Forni Ridge and Palomar Mountain, are discussed in detail later in this chapter.
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Figure 9.1.  Location of major local storms of record. The numbers refer to the list of storms
found in Table 9.1.
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Several sources may be consulted for more information on the earlier storms listed in
Table 9.1. HMR 37 (1962) contains detailed discussions on many of the storms which
occurred up through 1960. HMR 50 (1981) also includes summaries of other major storms
found in Table 9.1. Many of these storms have varied documentation; the references in
Table 9.1 are to either original data sources or to the most comprehensive study which this
office could locate. In cases where information is not available in the general literature,
readers interested in complete documentation of a particular storm can contact the
Hydrometeorological Design Studies Center where files on the storms are currently
maintained.

In order to establish depth-duration and depth-area relations with a larger number of
storms, a second list of local storms was also prepared. These storms did not generally meet
the most extreme criteria, but were important nonetheless. They are listed in Appendix 3,
Table A3.1 and consistof 137 storms from the National Weather Service Cooperative Station
network. These storms cover the period from 1948-1992 and are considered very reliable in
terms of depth and time measurements. The data were extracted from the National Climatic
Data Center’s (NCDC) Hourly Precipitation Data tapes. The relative sparseness of this
network is illustrated by the fact that there is only one station for every 650 mi? in California.
This presents a particular problem in the analysis of local storms, which by definition cover
an area of 500 mi® or less, usually a much smaller area.

9.4 Meteorology of California Local Storms

The large-scale features that control the development and type of extreme storms
affecting California are well-known, and are documented in HMR 37 and HMR 50. At the
planetary scale, four or five Rossby waves are the most common flow configuration in the
northern hemisphere, and both modes favor a long-wave ridge position over western United
States. This ridging dampens the intensity of systems moving into the long-wave ridge. Of
course large-scale troughs do develop and can help to intensify short-wave disturbances
moving through them. An interesting and important exception to the normal flow pattern
over the west occurs during El Nifio events. The El Nifio often causes a split flow in the
westerlies and brings anomalously wet weather to much of southern California.
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The climate of the western United States is also strongly influenced by large
subtropical high pressure zones: the Bermuda High and the Pacific High. Subsidence along
the east side of the Pacific High frequently affects western United States, bringing stable
atmospheric conditions to coastal regions. Northwest flow also produces upwelling in the
coastal water which further cools the lower levels of the atmosphere and enhances stability,
thus producing a marine stratus layer and frequent coastal fog. This stable coastal air
partially explains the relative lack of thunderstorm activity along the California coast
(Changery 1981). Even though the Bermuda High is thousands of miles east of California,
it also plays a role in the regional climate, as moist, unstable air along its western periphery
can be pulled into the Southwest This pattern, often referred to as the Southwest summer
monsoon, occurs most frequently from June through August. Recent research has increased
understanding of the Southwest monsoon structure and of moisture sources for heavy rainfall
in western United States (Carleton 1985, Douglas 1995), as will be discussed in the section
on moisture, 9.5 of this chapter.

Local storm developmentis influenced to alarge degree by the synoptic-scale patterns
operating over California. Asnoted above, subsidence beneath the Pacific High is a frequent
occurrence, and short waves moving into aridge position are usually dampened, reducing the
potential for strong storms. Significant troughs are often restricted to northern California and
the cool season, which reduce the likelihood of strong convective activity. Several other
synoptic features, however, can act to enhance local-storm potential. The so-called thermal
low caused by intense summertime heating over the desert areas, produces an inverted trough
that can reach from Mexico to Canada. This trough, enhanced by downslope warming from
the mountains adjacent to the desert, can play a role in the initiation of convection, as will

be seen in one of the case studies.

California terrain plays a critical role in determining frequency, location, and intensity
of local storms in the state. The major features are well-known. A narrow coastal zone and
long chain of north-south oriented coastal ranges block the inflow of Pacific moisture except
at a few locations. A broad, flat interior valley, the Central Valley is bordered on the east by
the massive Sierra Nevada mountains, on the north by the southern end of the Cascade range,
and on the south by the Tehachapi mountains which separate divide the Central Valley from
the deserts of southeast California. The terrain is somewhat more complex in southern
California where the San Gabriels and San Bernardinos run west to east from Santa Barbara,
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with more mountains extending south to the Mexican border. The only appreciable coastal
plain in the south is the Los Angeles basin. The unique terrain of California has a strong
impact on mesoscale and local-scale meteorological phenomena, and will be discussed at
various points in this chapter.

Extreme local storms in California are usually convective storms, although not always
of aclassical, isolated thunderstorm type. Mesoscale convective features such as squall lines
are sometimes embedded within cool season larger scale synoptic storms. Embedded local
storms also result from eastern Pacific tropical cyclones which occasionally affect California.
Some of the most intense short-duration rainfalls have occurred when a tropical cyclone or
its remnant moisture has moved into California. One of the best recent examples was when
the remnants of Tropical Storm Kathleen moved across southern California
September 9-11, 1976. Widespread heavy rainfall fell across southern California from this
storm, as well as intense short-duration rainfall, such as 4.8 inches in 3 hours at Mt. Laguna,
San Diego County. This storm is not listed in Table 9.1, although a more localized event at
Borrego on September 23, 1976 is included. The latter storm was the result of a tropical air
incursion thatresulted in very heavyrains. Although relatively rare, tropical disturbances can
and do enter southern California and produce significant rainfall. The only tropical storm
intense rainfall known to have entered central or northern California, although the center
remained offshore, occurred during September 1918 and this storm produced two of the
storms in Table 9.1, Wrights and Red Bluff. HMR 37 provides a detailed explanation of the
meteorological aspects of this unique storm.

The so called frue local storm is typically a very isolated thunderstorm, which
develops without the strong, large-scale lifting mechanisms that produce widespread rainfall.
These local storms can dump copious rainfall over a very small area, with little significant
precipitation even a short distance away. The greatest recorded local storm in California
history occurred on August 12, 1891 at Campo (Storm 6 in Fig. 9.1), where 11.50 inches fell
in 80 minutes. Evidence gathered at the time of this storm indicates that this storm was very
limited in area, although supporting information is scanty (HMR 50). The small scale of
local storms means that they are very often missed by the conventional rain gage network.
It is hoped that the advent of new observing systems, such as the WSR-88D radar and the
Automated Surface Observing System (ASOS) will increase the likelihood of catching these

local storms. In California they usually occur during the warm season, from April to
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October, when moisture and solar energy are closer to their annual maxima. Another type
of storm which has been less frequently recognized as affecting California is Mesoscale
Convective Systems (MCSs). Each of these storm types: embedded storms, isolated
thunderstorms, and MCSs will be discussed below with one or more examples to illustrate
aspects of the various storm types.

In Section 9.5, which deals with maximum dewpoints, the discussion focuses on the
spatial and temporal evolution of moisture fields across the state. In the current section (9.4)
some of the dynamics of extreme storms which affect the state are examined. This will be
important later in considering the question of transposing storms.

As stated earlier, several different storm types can produce extreme local storms in
California. One of the seminal works on flash floods in the western United States
(Maddox etal. 1980) showed that in California, the most common example is strong synoptic
systems, or Type III. In this study, 8 out of 10 California flash flood events were Type 111
storms. All the Type III storms occurred during the cool-season months. These flash flood
events are clear-cut cases of an embedded local storm. Rainfall rates can be quite intense in
embedded storms, although not usually as intense as in more isolated storms. Among the
reasons for this are: embedded type storms are cool-season phenomena and have lower
moisture content; and the widespread nature of the rainfall means that several storms may
be competing for a finite amount of water vapor. On the other hand, the precipitation in such
storms is often organized into mesoscale rainbands and transient wave features that act to
enhance rainrates. The combined effect of merging rainbands and transient waves produced
hourly rainfall rates of 1.6 to 1.7 inches per hour over western Los Angeles County during
the morning of February 10, 1978 (not listed). Several of the storms in Table 9.1 belong to
this type of strong synoptic system with embedded convection, including the Los Angeles
storm of November 19, 1967 and the Santa Barbara storm of January 10, 1978.

As noted earlier, another storm type which can produce very heavy rainfall is the
MCS. Comparatively little research has been done on the existence or behavior of MCSs in
California. However, recent research drawn from the Southwest Area Monsoon Project
(SWAMP) (MEeitin et al. 1991) has confirmed that MCSs occur in Arizona and it is very
likely that they can and do migrate into southeastern California. The term MCS refers to any
precipitation system with a spatial scale of 20-500 km that includes deep convection during
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part of its life cycle (Zipser 1982). Confirmation of the existence of MCSs was only made
possible by the advent of geostationary satellites, so they are a relatively new phenomenon,
at least in terms of research.

Fleming and Spayd (1986) studied very heavy convective rainfall events (>2 inches)
in western United States and classified the storms according to various meteorological and
satellite characteristics. From 1981-1983, 9 such events occurred in California, 6 of which
were considered MCS-type systems. Two were synoptic-scale, overrunning events, and one
was classified as a single-cluster convective storm, i.e., a true local storm. The California
MCS systems were all smaller (area and duration) than the Mesoscale Convective Complexes
(MCCs) in the central United States, and smaller than the MCS-alpha systems found over
other parts of western United States The California MCSs were of two types; MCS-beta
circular and MCS-beta linear storms, with length scales of 50 to 150 km (30-100 miles). The
MCS-beta circular storms develop in environments of little or no vertical wind shear and
appear as round or oval in satellite imagery. MCS-beta linear systems occur in environments
with strong vertical wind shear and appear as wedge-, carrot- or diamond- shaped in satellite
imagery. All the MCS systems in California were confined to either the elevated terrain east
of Los Angeles and San Diego or the deserts of the southeast. It is interesting to note that
the Lytle Creek Foothill Boulevard storm of August 17, 1983 (2.65 inches in 1 hour), one of
the largest storms from the NCDC list in Appendix 3, Table A3.1, was classified in the
Fleming and Spayd (1986) study as an MCS-beta circular system. The storm resulted in
severe highway flooding and several fatalities. The Palomar Mountain storm of
August 13, 1992 was also an MCS-beta circular system.

The full-blown mesoscale convective complex (MCC), which must fulfill certain size,
duration and cloud-top temperature requirements to be classified as such, seems to be very
rare in California (Maddox 1983). Very few full-blown MCCs have been documented
anywhere in the western United States, but a relatively recent storm on August 10, 1981 did
meet the criteria (Randerson 1986). The storm, centered near Ute, Nevada, about 30 miles
northeast of Las Vegas, Nevada, affected a very wide area, but the very intense rainfall of
more than 6 inches in several hours, occurred over a much smaller area. In terms of intensity
and depth-area-duration characteristics, this storm can easily be classified as local, although
the rainfall was not completely isolated. The proximity of this storm to the California border
(the Ute storm center was approximately 75 miles northeast of the state border) makes it an
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important addition to the catalog of significant local storms. The occurrence of this storm
suggests the likelihood that even large MCSs or possibly even MCCs can affect the deserts
of the Southwest and possibly California. The depth-area characteristics of the Ute storm are
discussed in greater detail in the depth-area section of this chapter (Section 9.9).

Many of the storms listed in Table 9.1 have been discussed in detail in HMR 50 and
in other sources and this information is not repeated in this report. Meteorological
discussions of three important recent storms are provided in the following sections to give
the reader some insight into the variety of processes and factors that lead to extreme local
rainfall in California..

9.4.1 Redding - August 14, 1976

Heavy rainfall in and around Redding on the afternoon of August 14, 1976 provides
one of the best examples of a strong synoptic system occurring in the summer season. The
upper-air pattern is similar to the Type III flash flood-producing storm type cited earlier
(Maddox et al. 1980). The Redding storm also illustrates some of the reasons for such a
pronounced PMP maximum in the northern end of the Central Valley and surrounding
foothills (see Figure 9.23).

The following description and analysis of the Redding storm draws heavily on a paper
by Fontana (1977) who studied the storm in detail. According to surveys conducted after
the storm by the United States Army Corps of Engineers, the maximum precipitation was
8.8 inches in a 24-hour period ending on the morning of August 15, although most of the rain
fell in a five-hour period on the evening of August 14. The maximum-intensity report
included a 2.5-inch amount in one hour on the evening of the 14th. Several other stations
received over 3 inches in a three-hour period the same evening. The heaviest precipitation,
an area of 8+ inches, fell in the higher terrain just west of downtown Redding, while the
NWS cooperative station (Redding 5 SSE) southeast of town recorded less than one inch
(0.85 inches) during the same time period.

The strong synoptic pattern within which this storm developed is far more typical of
winter than summer. In this case, an unusually vigorous mid-level shortwave moved into the
long-wave trough position located just off the Oregon-California border. Evidence for the
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existence and movement of the short wave is given by the area of strong geopotential height
decreases of over 120 meters, at the 500-mb level during the 24-hour period preceding the
storm from 12 UTC on August 13 to 12 UTC on August 14. Intensification of a shortwave
generally leads to increased divergence aloft and increased vertical motion. In addition, a
strong wind maximum on the west side of the upper trough indicated that the system was
undergoing intensification or continued deepening during this same period.

The strong dynamics aloft led to significant changes at the surface which also served
to enhance the rainfall in the Redding area. Early on the morning of August 14 a cold front
moved south, reaching a line from the San Francisco Bay area to just south of Sacramento.
Over the course of the day, the front began to retreat north as a warm front and approached
the Redding area during the afternoon. Atthe same time, a surface trough, areflection of the
shortwave aloft, developed along the Oregon coast and began a southeastward movement.
By 00 UTC on August 15, frontogenesis took place along the trough line, and a weak
low-pressure circulation developed along the front to the northwest of Redding. The newly
developed cold front and the northward-moving warm front merged very close to Redding
forming an instant occlusion or triple point low. As pointed out by Junker (1992),
intersecting boundaries provide an area of maximized low-level convergence and enhance
the potential for convective development. The location and movement of the short-wave
trough is also confirmed by a surface isallobaric analysis, which showed sharply falling
pressures in northern California where the frontal wave developed. These falling pressures
are indicative of upper level divergence, which is expected ahead of the short-wave trough.

Radar analysis of the storm from the Medford, Oregon and Sacramento radar sites
confirms the basic sequence of events outlined above. In the hour from 2230 UTC to
2330 UTC, there was an explosive increase in convective activity close to where the fronts
intersected and the surface wave was forming. The strongest radar echoes occurred from
0030 UTC to 0330 UTC on August 15, with one cell west of Redding showing a VIP (video
integrator and processor) intensity of 5. This intensity level (2.0 to 5.0 inches per hour)
corresponds well with the observed rainfall intensities found in the Corps survey after the
storm.

In looking at extreme precipitation events, very high moisture is usually a critical
component in leading to the event. In the Redding storm, however, this was not one of the
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major factors. As seen in Figure 9.11, the 3-hour maximum persisting dewpoint (at
1000-mb) for the northern end of the Sacramento Valley is close to 73°F. Dewpointreadings
at Red Bluff and stations to the south (from which the inflow was occurring on the day of the
storm) were in the upper 50's to low 60's most of the day. While these readings are well
above average (mean August dewpoints range from the mid-40's to low 50's in the upper
Sacramento Valley area), they do not come close to the maximum levels possible in the area.
Although obviously adequate to support heavy precipitation, the relatively low moisture
levels in this event imply that a significant increase in rainfall would be likely, given the
same dynamics combined with higher moisture. The theoretical moisture maximization for
the storm was 1.82, based on a storm dewpoint of 61°F and a maximum persisting dewpoint
of 73°F. The actual in-place maximization was restricted to 1.50 in keeping with local-storm
procedures outlined in Section 9.5.2. This limitation does indicate a level of conservatism
in the PMP process which is not always recognized.

9.4.2 Forni Ridge - June 18, 1982

For a dramatic example of an isolated extreme local-storm, Forni Ridge provides one
of the best recent cases in California. The storm on the afternoon of June 18, 1982 occurred
within the headwaters of the South Fork of the American River (#29 in Figure 9.1) between
the communities of Kyburz and Strawberry (Kuehn 1983). The six-hour rainfall total of
5.76 inches is intense, but the shorter duration amounts were extraordinary: 1.50 inches in
5 minutes; 2.20 in 10; 2.80 in 15; 4.02 in 30; and 4.42 in one hour. The rain was recorded
in a United States Bureau of Reclamation tipping-bucket gage, allowing for the temporal
resolution to be described accurately. As pointed out by Kuehn (1983) the short-duration
rainfall actually exceeded PMP as given in HMR 49; the 15-minute PMP was 2.69 inches,
0.11 inches less than the 2.80 that fell in 15 minutes at Forni Ridge. The degree of
exceedance was even greater at durations below 15 minutes. There was tremendous runoff
from this storm, owing to both the intensity of the storm and the fact that much of the
vegetation in the area had been burned off in a wildfire the previous summer. According to
Kuehn (1983), the discharge magnitude was one of the highest ever recorded in California

for that basin size.

Another important aspect of the Forni Ridge storm is the high elevation at which it
occurred, approximately 7600 feet. This is well above the elevation at which PMP begins
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to decrease in both HMR 49 and in this report. Using the formula in HMR 49 (see Section
4.3.2 for details) a 13-percent reduction in the PMP index level would be expected for a
storm at this elevation. Using a slightly different formula than in HMR 49, the current report
(Section 9.7 - Elevation) would allow a percentage reduction of 14 percent for a basin at an
elevation at 7600 feet. The occurrence of this storm at such an elevation is strong
confirmation of the ability of the atmosphere to produce very heavy rainfall at levels well
above levels at which the reduction in moisture was formerly believed to diminish storm
amounts.

The meteorological factors leading to the Forni Ridge deluge included unusually high
moisture at the surface and aloft as well, a strong upper-level trough, and an extension of the
summertime thermal trough well north of its usual position.

Surface dewpoints at the closest observing stations to the storm site reflect the high
moisture available for storm inflow. Blue Canyon, the nearest observing station
(approximately 40 miles north-northwest of Forni Ridge) experienced a dramatic influx of
moisture late on June 17 and early June 18, as dewpoints surged from the low 40's to low
50's (°F). When reduced to a common reference level of 1000 mb, Blue Canyon recorded
a 3-hour maximum persisting dewpoint of 66°F, only about five degrees less than the
maximum persisting values for mid-June shown in Figure 9.9. At Reno, 55 miles northeast
of the storm site, the readings were only slightly less extreme, reaching a 3-hour maximum
persisting value of 64°F at 1000-mb (maximum persisting of 72°F - see Figure 9.9). At
12-hours, the persistence of high moisture was even more striking at these stations, coming
within one degree of the maximum persisting 12-hour value. Extremely high moisture was
also observed at Red Bluff, located in the northern end of the Sacramento Valley. The
moisture surged into Red Bluff late on the 17th, as the dewpoint jumped 16°F in one hour
from 48°F to 64°F. High dewpoints were maintained throughout the 18th, with a maximum
3-hour value of 65°F (at 1000-mb), versus the extreme of 71°F. Itis highly likely that these
high dewpoints also affected Forni Ridge on the afternoon of June 18th, providing abundant
moisture for heavy rainfall.

This extremely high moisture was due to a combination of factors. First, the
interaction between the thermal trough which extended north into southern Canada and the
Pacific high, created an onshore pressure gradient between these two features, allowing some
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inland penetration of marine air. Furthermore, this air was intensely heated by the strong
June sun, raising temperatures to 108°F at Red Bluff on June 17. In addition, as noted by Hill
(1993) when the signature of a thermal trough extends up to 850 mb or higher (as it did on
June 17-18, 1982), the circulation pattern draws subtropical moisture northward. Atupper
levels of the atmosphere a split-flow pattern existed across the state, with a highly amplified
ridge extending from California all the way to northern British Columbia. A trough
associated with the subtropical jet stream existed well to the south over Baja California. The
central Sierra were in a (col-like) area between these two features. Winds aloft were quite
weak, generally 10 to 15 knots at 500 mb and 20 to 25 knots at 300 mb. This upper-level
weak flow slowed the movement of any thunderstorms that did form. Causes for convection
on the scale of the Forni Ridge storm are often unresolvable on synoptic-scale maps, and
there was not any strong synoptic feature, such as a short wave, to which this storm can be
attributed. The complex terrain of the Sierra Nevada creates differential heating and cooling
of slopes with resultant thermal circulations. In the daytime, upslope winds create areas of
moisture convergence, which can lead to convective cloud formation and thunderstorms.
The thermal trough itself is also known to initiate convection, as convergence into it forces
lifting of air parcels. Instability was also clearly enhanced by the strong solar insolation on
the day of the storm. Any of these factors could have led to the development of convective
activity on a limited scale, but with very high moisture to draw on, an extremely unusual
event unfolded.

9.4.3 Palomar Mountain - August 13, 1992

The storm at Palomar Mountain Observatory was one of the rare instances where
extremely heavy rainfall was recorded in an NWS cooperative network rain gage. A
two-hour storm total rainfall of 6.40 inches fell at this site on the afternoon of
August 13, 1992. In the first hour of the storm, from 12:15 to 1:15 local standard time
(2015 UTC to 2115 UTC), 4.70 inches fell. This was an amount far in excess of the
100-year return frequency amount of 1.80 inches. The two-hour amount at Palomar is very
close to 50 percent of the two-hour PMP for this location. An isohyetal map of the Palomar
storm is shown in Figure 9.2. Of interest as well is the rainfall center at Mt. Laguna,
where 4.70 inches fell in less than four hours during about the same time period as the
Palomar rainfall. The existence of two intense rainfall centers occurring so far apart
(approximately 40 miles), but taking place almost concurrently indicates that there was more
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than one thunderstorm involved in the storm system. This suggests that the storm is properly
classified as an MCS, and satellite imagery confirms it as an MCS-beta circular type.

Palomar Mountain Observatory is located at 33°21'N, 116° 52' W, at an elevation of
5548 feet. Although Palomar Mountain is one of the higher points in the local area, the
terrain is quite mountainous, especially to the east. The mountain ranges of southern
California, east of the San Diego metropolitan area, extend north-south in a nearly unbroken
chain, separating the coastal plain from the interior deserts of the southeastern part of the
state. Asshown in the isohyetal map, heavy rainfall was confined to the higher terrain, with
much lower amounts in the coastal plain and in the deserts just to the east.

The hemispheric flow pattern prior to the Palomar storm featured a meridional pattern,
with an unusually amplified ridge at upper levels over the western United States, especially
for August. Geopotential heights at 500-mb in this ridge centered over Nevada, reached a
maximum of 5940 meters on the morning of August 13, and built somewhat more during the
day. The ridge was so amplified that easterly flow had developed underneath the ridge from
central Texas to southern California. This easterly flow provided one of the important
ingredients toward the eventual development of the Palomar storm. The easterly flow helped
to advect large amounts of mid-level moisture from southern Arizona into the mountains
where the storms developed. In addition, the flow aloft remained rather weak throughout the
day; at 700 mb ranging from light and variable to 10 knots. At 500 mb winds were easterly
at only 5 knots on the morning of the 13th. Even at 200 mb winds were only 10 to 15 knots.
The weakness of the flow contributed to the slow movement of the MCS and allowed the
storm to take on the characteristic shape of an MCS circular system.
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Despite warm temperatures at the 500-mb level, ranging from -5 to -7°C over southern
California and Arizona, convection was widespread indicating that there was no cap to
inhibit convective development.

At the surface, a thermal trough (also referred to as a heat low) was located from Baja,
California northward to the central part of the state, a more or less semipermanent feature in
this area during the summer months. Circulation patterns associated with a strongly-
developed (i.e., through a thick layer of the atmosphere) thermal trough can be conducive to
drawing subtropical moisture northward into the eastern side of the trough (Hill 1993). In
addition, convergence in the trough is often an aid in thunderstorm initiation, and may have
played arole in the development of thunderstorms which affected southern and southeastern
California over the three-day period, August 12-14, 1992. Surface temperatures well in
excess of 100°F were recorded from the California desert areas northward to the Central
Valley each day during this period, providing plenty of destabilizing energy to the lower
atmosphere.

Low-level moisture was also extremely high in the period leading up to the Palomar
storm. Surface dewpoints were well into the 70s across southern California; at Imperial,
California dewpoints reached 79°F and 80°F at 1500 UTC and 1800 UTC on the 13th. These
reading are at the extreme upper limit of moisture believed possible in southern California
in Augustas shownin Figure 9.11. San Diego recorded a dewpoint of 70°F at 1500 UTC and
1800 UTC, just several hours prior to the onset of precipitation both there and at Palomar.
The maximum three-hour persisting dewpoint for August at San Diego is 73°F. Precipitable
water was also well above normal; at 1200 UTC (0500 PDT) on August 13 Miramar NAS,
near San Diego, measured 1.64 inches or 164% of normal for the date. By the afternoon,
0000 UTC (1700 PDT) August 14, ithad increased to 1.89 inches or 188% percent of normal
(1700 PDT). This extremely high moisture had tropical origins in the Gulf of California and
is visible on sequences of satellite water-vapor images for the day.

Scofield and Robinson (1992) have demonstrated the relationship between heavy
convective rainfall and tropical water-vapor plumes. The plumes are tongues or streams of
moisture, detectable on water-vapor imagery at 6.7 microns, and can indicate high moisture
between the 700- and 200-mb levels, with a peak sensitivity near the 400-mb level. These
plumes form a connection that links the Intertropical Convergence Zone (ITCZ) with areas
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further north. Such plumes are often associated with the Southwest United States monsoon
pattern (Adang and Gall 1989) and are closely tied to flash flood-producing thunderstorms
that occur during the monsoon (Fleming and Spayd 1986). That such a tropical moisture
plume occurred on the day of the Palomar storm is supported by the analysis sent out over
Automation of Field Operations Services (AFOS) provided by the Synoptic Analysis Branch
of the National Environmental Satellite, Data and Information Services (NESDIS) on the day
of the storm. The AFOS remarks describe the meteorological effects of the deepening
central U.S. trough, which has served to force a “dark dry slot south-southwestward into
eastern Arizona and New Mexico ...and this in turn has forced a tropical moisture plume
southward into Mexico and extending into Southwest Arizona and southern California”
(NESDIS 1992). The statement also said that tremendous diffluence aloft was helping to
maintain the thunderstorm activity. According to the same statement, satellite precipitation
estimates over portions of Imperial County were 2.3 to 2.6 inches for the three-hour period
from 00 UTC to 03 UTC. Over San Diego County, satellite estimates were somewhat less,
about 1.2 inches in the same three-hour period. It is important to note that this time period
is somewhat after the most intense rain observed at Palomar and Laguna.

An examination of the satellite imagery and radar summaries on the day of this storm
shows that thunderstorm activity was widespread in southern and southeastern California on
August 13. Morning activity began over parts of Riverside and Imperial counties and was
evident on radar and satellite by 1630 UTC (930 PDT). This activity showed a slow
westward movement with time, and produced some heavy rainfall in the desert (see NESDIS
statements in previous paragraph), although the sparsity of stations precludes any real
knowledge of how much rain fell from the morning system. The Palomar storm evidently
developed quite separately from this system. Mostly clear skies prevailed in the early
morning hours over extreme southwestern California, but by around 1800 UTC, the
beginning stages in the development of the Palomar storm can be seen on the visible and
infrared imagery. Very rapid expansion of cold cloud tops occurs during the two half-hour
images, and continued expansion can be seen over the next several hours until about the
2230 UTC image, after which time there is noticeable cooling of cloud tops. The heaviest
precipitation occurred during the hours from 2015 to 2115 UTC, when cloud tops appeared
to be at their coldest, indicating the period of most intense convection. The rapid expansion
of cold cloud tops is one of the key ingredients in the convective -precipitation-estimation
technique used by NESDIS (Juying and Scofield 1989). In addition, the Palomar area is
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close to the center of the visible anvil, an area where the heaviest precipitation is usually
found in storms with weak vertical shear, which, as noted earlier, was the case for this event.

Given the extremely high moisture in place and a very unstable air mass, all that was
needed to cause significant convection was a lifting mechanism. The importance of having
such a mechanism cannot be understated. For instance, despite the high moisture at
San Diego noted earlier, only .05 inches fell that day. Lifted indices in southern California
fell from +1 at 00 UTC on August 13 to -4 at 00 UTC on August 14. K-indices were also
quite high, 36 for both time periods, a value associated with about an 80 to 90 percent
probability of thunderstorm occurrence in the western United States (Lee 1973). The lifting
mechanism for the development of this storm is notimmediately apparent from an inspection
of the synoptic weather maps. There is no organized low pressure area or front traversing
the region on August 13. The baroclinic model (Aviation) analysis for 1200 UTC August 13
to 00 UTC August 14 does show a weak (8 unit) vorticity maximum moving from western
Arizona to southern California. Such positive vorticity advection is associated with upward
vertical motion. This vorticity maximum may in fact be a reflection of a westward-moving
tropical wave (often referred to as an easterly wave). The possible role of tropical waves in
producing extreme rainfall in southern California has not been fully explored, but might
provide some interesting findings.

Perhaps the simplest lifting explanation is the orographic effect of the mountains. The
highest rainfall amounts at Palomar and Mt. Laguna are centered over the highest local
terrain, strongly suggesting that orographic uplift was responsible for producing the critical
lift necessary for these extreme thunderstorms. Another possible factor is that outflow
boundaries from the morning thunderstorm activity over portions of Riverside and San
Bernardino counties helped to initiate new convection further west over and near the

mountains east of San Diego.
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9.5 Adjustment for Maximum Moisture
9.5.1 Maximum Persisting 3-Hour Dewpoints

As in all previous PMP studies, surface dewpoint temperatures were used as a
measure of the moisture available for a particular storm and to estimate the theoretical upper
limit to moisture for storms occurring at a specific time and place. The rationale for using
surface dewpoints, as opposed to other measures of atmospheric water vapor such as
precipitable water or humidity at various levels, has been discussed in several other HMRs.
It is easily the most widely available measure of atmospheric moisture in terms of both
spatial and temporal coverage. PMP studies have long employed the concept of maximum-
persisting dewpoints to provide an upper-limit moisture availability index. The maximum-
persisting dewpoint temperature is defined as the maximum dewpoint temperature which is
equaled or exceeded at any observation point for the specified period. For a 3-hour period
with hourly dewpoints of 70, 71, and 72 °F, the maximum persisting dewpoint would be 70°F;
that being the highest reading not undercut at any observation point during the sequence.

HMR 57 was the first study to use 3-hour, instead of 12-hour maximum persisting
dewpoints for local-storm analysis. It is hypothesized in that report that the moisture
necessary for local storms does not need to be as widespread or persistent as for general
storms. Further, it was felt that the duration of the representative dewpoint for a storm
should be correlated with the storm duration. Local storms are by definition much shorter
in duration than 12 hours, with 3 hours being close to the median for local storms in the
western United States Because HMR 49 used 12-hour persisting dewpoints for its
local-storm study, it was necessary to develop a new climatology of 3-hour persisting

dewpoints for the current study.

Table 9.2 shows the list of surface observation stations used in the development of this
new dewpoint climatology, while Figure 9.3 shows the location of these stations. Asin the
general-storm situation, high dewpoint episodes while rain was falling, or when there was
virtually no chance of rain, were not used. An example of a no-rain situation is the existence
of an inversion where low-level moisture becomes trapped near the surface, and
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Table 9.2.  Surface airway stations for dewpoint climatology.

Station Name Latitude Longitude Elevation (ft) Years

Camp Pendleton MCAS 33°18 -117°21 76 18
Lemoore Reeves NAS 36°20° -119°57 240 27
Long Beach WSCMO 33°49' -118°09' 25 43
Bakersfield Meadows 35925 -119°03' 495 44
Bishop AP 37°22' -118°22' 4108 44
Daggett FAA AP 34°52' -116°47 1922 44
Los Angeles Intl AP 33°56' -118°24' 97 45
San Diego Lindbergh 32°44' -117°10' 13 44
Santa Barbara FAA AP 34°26' -119°50' 9 28
Blue Canyon 39°17 -120°42' 5280 41
Oakland Metro AP 37°44' -122°12' 6 36
Sacramento Exec AP 38931 -121°30' 18 45
San Francisco Int AP 37°37 -122°23 8 44
Stockton Metro AP 37°54' -121°15° 22 36
Alameda NAS 37°44' -122°19' 16 43
Crows Landing 37°24' -121°08' 164 7

Moffett Field NAS 37°25' -122°03' 39 43
Santa Maria AP 34°54' -120°27 254 38
Mount Shasta 41°19' -122°19' 3590 38
Red Bluff FSS 40°09' -122°18' 349 39
Redding Mun AP 40°30' -122°18' 502 6

Arcata AP 40°59' -124°06' 203 43
El Toro MCAS 3340 -117°44 381 43
China Lake Armitage 35941 -117°41 2220 43
Miramar NAS 32°52 -117°08' 459 41
Point Mugu NF 34°07 -119°07 10 42
San Diego North Isl. 32°42 -117°12 49 43
Tustin MCAF 33°42' -117°50' 59 40
Imperial Beach REAM 32°34' -117°07 20 40
San Nicholas Isl. 33°1§ -119°27 568 42
San Clemente I. NAAS 33°01" -118°35 171 28
Twentynine Palims NAAS 34°13' -116°03' 1765 5

Fresno Air Term. 36°47 -119°43° 336 44
Yuma, Arizona 32°40° -114°3¢' 213 7

Las Vegas, Nevada 36°05' -115°10 2162 45
Reno, Nevada 39930’ -119°47' 4409 43
Medford, Oregon 42°23' -122°53 1300 44
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Figure 9.3.

Surface observation stations used in the development of the three hour persisting

dewpoint maps (Figures 9.4 to 9.15).
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does not reflect a saturated air mass through the depth of the atmosphere. Such capping of
the lower atmosphere is common under calm, anticyclonic conditions. Table 9.2 shows 37
stations in California and adjacent states of Oregon, Nevada and Arizona that were used in
the analysis. The period of record was variable, but the majority of stations had at least 30
years of data. The earliest records date from the mid-1940's, while the latest cover through
early 1992.

The stations used in the dewpoint analysis ranged in elevation from near sea level to
over 5000 feet, requiring that all values be adjusted to a common reference value. As in
previous PMP studies, the 1000-mb level was used and all dewpoints were adjusted using
a saturated pseudo-adiabatic atmosphere, with data from Technical Paper No. 14
(U.S. Weather Bureau 1951), which provides precipitable water and other moisture-related
factors for a saturated pseudo-adiabatic atmosphere. After the data were adjusted to
1000 mb, software was developed that extracted a limited number of the highest dewpoint
sequences. The actual number was based on whether or not good meteorological sequences
could be found, i.e., those not contaminated by rainfall or unusual moisture stratification
(admittedly a difficult condition to identify in the absence of nearby atmospheric soundings).
Data outliers were checked and discarded if found to be in error or clearly defied the
prevailing data pattern. The highest (maximum dewpoints) accepted sequences were then
plotted for each station and the general pattern of isodrosotherms (contours of equal
dewpoint) drafted. The initial spatial paradigm was based on several previously existing
maximum dewpointclimatologies (United States Department of Commerce, 1948, HMR 36)
and of course on the data field itself. In addition, the 12-hour dewpoint analysis contained
in the present report (see Chapter 4) was compared to the results of the 3-hour analysis, as
an additional check on the pattern and magnitude of the final map values. The difference
between isodrosotherms at common reference points on the 3- and 12-hour maps varied from
as little as 1°F to a maximum of about 5°F, with an average difference of 2 to 3°F.

A comparison of the 3-hour dewpoint maps in the current study with the 3-hour values
shown in HMR 57 along the California border do show some minor differences.
Interestingly, the isodrosotherms, in this study, are slightly lower than in HMR 57. The
reason for this discrepancy is that HMR 57 used no stations in California to extrapolate the

157



1solines southward across the Oregon border. The use of Arcata and Mount Shasta in the
current study, with 43 and 38 years of data, respectively, enabled the spatial pattern to be
better defined in the northern California area, resulting in a slight decrease in the maximum-
persisting values.

Figures 9.4 to 9.15 show the mid-monthly analysis of 3-hour maximum persisting
dewpoints for California. These dewpoints are used to provide upper-limit moisture fields
for maximizing local storms. The seasonal progression of these maps reflects the evolution
of the large-scale temperature and moisture variations across the country. During the winter
months, from December through April, the highest dewpoints occur in southern California
along a roughly north-south gradient. The main moisture source during this season for
nearly all of California is the Pacific Ocean. The presence of the cool California current
along the immediate coast keeps surface dewpoints lower than might be expected at these
latitudes. However, under certain flow patterns subtropical Pacific Ocean moisture is drawn
into California beneath strong Southwest flow aloft. Meteorologists have at times referred
to this as the pineapple express, alluding to the source of moisture over the Hawaiian Islands.
This pattern is usually responsible for the highest dewpoint episodes. In the winter months,
the dewpoint gradientis quite small over the state, especially in January where the difference
across the entire state is less than 3°F.

A transitional period in April to May sees a complete reversal of the pattern with the
highest dewpoints now coming from the east. One of the reasons for this pattern is the
northward movement of the North Pacific subtropical anticyclone to its summer position and
the development of the inland thermal low over southwestern United States, combine to
create northerly flow along the west coast, causing significant upwelling of cooler ocean
water. These waters modify overlying air masses, and reduce their boundary-layer dewpoint
temperatures. This pattern becomes more pronounced as the warm season progresses,
reaching a maximum in August, when a strong west to east gradient exists and extreme
southeastern California reaches a 3-hour maximum persisting value of 79°F. Such very high
dewpoints are likely associated with the intrusion of extremely moist air from the Gulf of
California. Hales (1972) was among the first to document the northward movement of
moisture from the Gulf of California, while Hansen (1975) demonstrated the importance of
such moisture to the development of extreme rainfall events in the west. Douglas (1995)
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