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Chapter 1

PURPOSE, SCOPE AND AUTHORIZATION

Purpose of report

The purpose of this report is to describe the more significant meteoro-
logical aspects of hydrologically critical storms in California. Hydro~
meteorological Report No. 36, "Interim Report - Probable Maximum Precipita-
tion in California" (1), and the present report are companion publications
directed to different aspects of the same over-all investigation., This
report takes stock of major precipitation storms in the record with emphasis
on recent storms not previously reviewed in Hydrometeorological Reports;

HMR 36* applies the established storm and climatic characteristics to esti-
mating probable maximum precipitation.

It is timely to review what presently available data reveal about the
characteristics of Pacific Coast precipitation storms, aside from the im-
mediate application to probable maximum precipitation estimates, and to lay
the groundwork for assimilating new kinds of observations, Paramount among
the new channels of information are radar and satellite observations, which
give good promise of increasing understanding of the complex nature of mete~
orological processes in an area where storm data over the contiguous ocean
are sparse and where the nature of approaching storms is markedly modified
by the effect of terrain,

Scope of report

The second chapter classifies hydrologically critical large-area cool-
season storms by synoptic types and describes in some detail the most recent -
of these storms. Subsequent chapters cover the synoptic aspects and rela-
tion to precipitation of the storm components of wind, moisture transport and
convergence as well as the effect of topographic lifting on these components.
Included in chapter VI is a discussion of intense local storms which do not
fall clearly into the classification of chapter 1II, and have not been previ-
ously described in detail in the meteorological literature.

Description of the hydrologically critical storm

In this report the term "hydrologically critical storm" refers in a gen-
eral way to storms which from the standpoint of precipitation intensity, du-
ration, or area result in high flows on streams. The term "major storm,"
used to designate storms important from all three standpoints, is the subject
of the main body of this report. '"Minor storms' are those of lesser duration
and/or intensity.

*Hydrometeorological Report No. 36 is referred to frequently in the present
paper and will be abbreviated "HMR 36."



1. Precipitation characteristics. As a matter of convenience in dis-
cussing its causes and characteristics, precipitation is referred to as
(1) orographic precipitation, that due to lifting of a flow of air by a moun-
tain barrier and thus of primary importance over most of the area of Califor-
nia, or (2) convergence precipitation, caused by upward motion due to the
storm itself. Intensity of orographic precipitation is dependent on the rate
of climb of moist air above a topographic barrier, The general flow. of moist
air approximately normal to the principal barriers is discussed in chapter
IT1XI. The nature of the terrain of California with wide variations in the
steepness and height of slopes, orientation of valleys, and other topographic
features results in a wide variation in orographic precipitation. A general
discussion of terrain effects is found in chapter IV. Less important fea-
tures are mentioned elsewhere. Convergence precipitation in major storms is
primarily dependent on time and space variation of the wind. Frontal lifting
and release of instability are frequently concurrent factors but are also
frequently of relatively minor importance. These factors are discussed in
chapter V.

2. Bydrologic characteristics. Flood potential of a storm derives not
only from the immediate precipitation but also from the antecedent meteoro=-
logical conditions. Snow accumulation and prior saturation of the soil can
substantially augment storm runoff as compared to that which would occur with
dry ground and/or little or no smow. Flood potential varies also with man-
induced factors such as channel improvements, occupation of flood plain, and
reservoir storage capacity and method of operation. Thus appraisal of the
magnitude of a storm from the hydrologic standpoint is based on other factors
in addition to precipitation. An example of differences in flooding in two
central Sierra storms with somewhat comparable precipitation but contrasting
antecedent conditions (in December 1884 and December 1955) is discussed in
chapter 1I. This report deals only with the meteorological factors concur-~
rent with the precipitation storm and regards as hydrologically critical any
storm which produced outstandingly high precipitation whether significant
flooding resulted or not. '

Authorization

The authorization of this study is contained in a memorandum from the
Office of Chief of Engineers to the Weather Bureau, referred to in the in-
troduction of HMR 36. The Corps of Engineers supported the preparation of
this report by the Weather Bureau, '



Chapter 1L

TYPES AND SYNOPTIC FEATURES OF MAJOR CALIFORNIA STORMS

An important feature of the general circulation in many major California
winter storms is the predominance of meridiomal flow at the expense of zonal
flow, wherein storm tracks are diverted around, or terminated by, blocking
Highs which establish themselves at middle and high latitudes in varying
degrees of intensity. Such patterns permit maximum anomalies of some mete=-
orological elements.

The first section of this chapter (2-A) classifies major California
storms of this century, and some recent minor ones, on the basis of this
feature of blocking and discusses briefly the resulting synoptic patterns
as they affect California precipitation. The list of major storms was com-
piled from those which were unusual from the standpoint of both intensity
and duration of precipitation over an extensive area. High intensity pre-
cipitation of short duration and/or small area can be described more ade-
quately on other bases, even though in a few instances it is part of a major
storm.

Major storms subsequent to 1940 are discussed in 2-B in some detail,
with reference to synoptic developments. /The December 1884 and December
1955 storms are compared in 2-C., / Three storms resulting in very heavy
rain locally are reviewed in 2-D.

2-A. STORM TYPE CLASSIFICATION

Storms are grouped under three main headings, depending on the longi-
tude, from west to east, respectively, of upstream or downstream blocking
patterns which are effective prior to and/or during the course of the storm.
This in turn determines the latitude of approach of the storms toward the
coast, as follows:

Low-latitude type. Blocking in mid~-Pacific between longitude 160W and
180W, or about the longitude of the eastern Aleutians. Storms reach the
coast from a low latitude under the block., This is primarily a type for
precipitation in the northern half of California,

High-latitude type. Blocking in the eastern Pacific east of longitude
160W, Storms reach California from a high latitude near the coast. This is
mainly a storm type for the southern half of Califormia.

The latitude at which blocking is least effective in these two types
is referred to as the latitude of breakthrough of surface fronts.

Mid-latitude type. Low pressure in the central and eastern Pacific,
with varying degrees of blocking over western North America, as storms move




across the Pacific at .iddle latitudes. Their direction of approach as they
near the coast is influenced by both the general offshore circulation and
the effectiveness of the continental block. Three directions of approach
serve in a general way to subdivide this type, namely, south, southwest, and
west. This type includes both Northern and Southern California storms in
about the same number,

Charts are shown for each subtype of the three main types (figures 2-1
through 2-11), illustrating the tracks of surface Lows (solid lines) and loc-
ation of ridges and blocking Highs (long dashed lines), along with a sketch -
of one or more positions of surface fronts during the storm {short dashed
lines).

2-A-1. Low-latitude type storms

This type involves blocking at the longitude of the eastern Aleutians,
or between longitude 160W and 180W, A feature common to all Low-latitude
type storms is a wave chain extending toward the coast from the Hawaiian
Islands, usually the result of a breakthrough under the mid-Pacific block.
There may or may not be a following breakthrough at high latitudes, a basis
for subdivision of the type. Storms of this type affecting California are
with rare exceptions centered in the northern two-thirds of the State, They
are characterized by strong gradients in a southwest flow of moist stable
air from a rather distant low-latitude source, with a minimum of interruption
by intrusion of air from a more northerly source.

Complete blocking at high latitudes., A Low of varying intensity and posi-
tion occupies the southern Gulf of Alaska during the storm (figure 2-1). It
is maintained by cold outbreaks from the interior of Alaska and is surround-
ed by an intense crescent-shaped High centered over Alaska and extending both
southward from the eastern Aleutians over the ocean and southeastward into
the central United States. The storm track from the western Pacific is di-
verted under this mid-Pacific block so that it reaches a point a little north
of the Hawaiian Islands before swinging toward higher latitudes, on its way
to the California coast.

The storm may be initiated in one of two ways. At the beginning of the
storm, the first wave on a wave chain oriented northeast-southwest may reach
the coast after passing under the block at a low latitude, as in the Janwry
1906 storm. Or, as on December 20, 1955, completion of the wave chain may
depend upon a southwestward extension from the coast toward the region of
breakthrough north of Honolulu of a frontal boundary the origin of which is
a cold surge from the interior of Alaska. In either case, waves move along
the frontal boundary to the south of the Alaskan Gulf Low and approach the
coast usually only partially occluded, so that just south of the wave chain
a strong persistent flow of moist stable air from a low latitude is estab~-
lished. In this flow, convergence precipitation due to inertial effects
contributes significantly to rainfall totals. The duration of this arrange-
ment depends on the maintenance and stability of position of the Gulf Lcw,
as well as the block to the west. Usually termination follows a partial
filling and southeastward shift of the Gulf Low so as to allow the wave chain
to move southeastward across the storm area.
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Breakthrough at high latitudes. This type is egsentially the same as
described above except that breakthrough shifts from a low to a high lati-~
tude (figure 2-2). At the beginning of the storm, the wave chain extends
northeastward from near Hawaii to the coast. West of Hawaii the chain has
already been terminated by southward shift of the block. The high latitude
portion of the block is weak enough at that time so that fronts may pass
through it across western Alaska or the eastern Aleutians and enter the Gulf
of Alaska, where deepening and a varying amount of stagnation of the center
occurs,

Variation in position and orientation of the track of the high latitude
breakthrough and later movement of the Gulf Low affects the relation between
this Low and the wave chain to the south, giving considerable variation in
the later phases of the storm sequence both in duration and manner of termi-
naticn. A more nearly west-to-east track will result in a minimum of stag-
nation and tend to shift the center of activity into British Columbia, Wash-
ington, and Oregon, with ridging offshore. A more north-south orientation,
if too far to the west, will permit ridging northward over California. If it
is farther east so as to maintain a trough near the coast, waves may continue
to form but not deepen intensely. The January 25-27, 1956 minor storm was
centered over Southern California by a southeastward displacement of the main
features of this type.

In most instances, the formation of the initial wave chain was the re-
sult of a low-latitude breakthrough, as described above. In one exception,
the November 1950 storm, a stagnant Low near Honolulu took the place of the
low~latitude breakthrough; this Low was drawn northeastward toward an elon-
gated front that had originated as a cold surge into the Gulf of Alaska and
that extended southwestward from the coast, as described in the December 1955
storm. The resulting circulation brought a flow of tropical air into Central
California from east of Honolulu that was stable and very moist, especially
at upper levels.

2-A-2, High-latitude type storms

The heading suggests the initial latitude of approach. The longitude of
the Pacific block in this type is east of longitude 160W, thus placing the
point of origin of storms close to the Pacific Coast of North America. Low
centers form off the British Columbia or Washington coasts as cyclogenesis
within a crescent-shaped block.

High-latitude type storms, with few exceptions, cause heaviest precipi-
tation in Southern California, a reflection of the limitations imposed upon
the Low tracks by the blocking pattern and upon moisture in air that is of
recent polar origin at higher latitudes.

No breakthrough -~ NNW-SSE orientation, The title of the type suggests
the approximate orientation of the trajectory of the Low; southward along
the coast, then toward the east or northeast (figure 2-3). The storm is pre-
ceded by a fast-moving storm from the northwest into the southern Great Basin




Plateau, leaving a residual Low center off the Washington coast. Intensifi-
cation of the ridge to the west and northwest of this Low completes the block
prior to the main storm and forms a crescent-shaped High around it. The Low
moves southward and deepens off the Central California coast (to about 1000~
mb in the 1916 storms), then moves inland and recurves toward the northeast
as limitations to its movement are imposed by the nearly stationary High
around it., Offshore deepening on the trailing cold front extends the trough
southward and delays passage of the cold front and the shift to west winds
across Southern California. As the deepening Low center moves inland, the
flow from the south and southwest into Central and Southern California be-
comes very strong, although because of the limited trajectory of the air
moisture is not as high as in most Mid-latitude type storms. Duration of
heavy rain in these storms is limited to this period, about 1 day.

No breakthrough - north-south orientation. The pattern is similar to
the preceding one except that the orientation of the crescent-shaped ridge
requires a north-south track of the Lows along the coast, followed by a
reversal in direction toward north. For Southern California storms, the
latitude of reversal is that of Northern California (figure 2-4). For storms
centered in Northern California, the pattern described above is displaced
northward so that reversal in direction of the offshore Low occurs off the
Washington coast {(figure 2-5).

Most features of this type are common to both Northern and Southern
California. The southward extension of the offshore trough permits waves
to move north-northeastward toward the coast, prolonging the southerly flow.
The convergence component of rain due to these waves is an important part of
the total. In both the December 1921 and January 1911 storms, the storm
began with a trapped Low emerging from the southwest as pressure fell to the
north.

The above description applies to the main part of the December 18-27,
1921 storm, that is, through the 22d. The remaining period involved a
sequence with a more nearly NNE-SSW orientation. The offshore trough had
moved through Southern California on the 22d, with the Low stagnant off the
Oregon coast. A weak surge of colder air from the Aleutians (a temporary
weakening of the block there) entered the back side of the stagnant Low and
swung around toward the coast. When the surface front of this surge had
reached the coast, with a northeast-southwest orientation offshore, waves
forming on it resulted in small but deep Lows reaching the Central Califor-
nia coast from the southwest on the 25th and 26th, but quickly filling after
moving inland.

Mid-latitude breakthrough. This type, if it affects the entire state,
causes heaviest rain in the southern part. It involves air masses of great
temperature contrast and results in formation of deep Lows at the coast with
extremely high surface pressure gradients (figure 2-6). The area of activity
gradually shifts southward.

Initially a deepening Low moves down the British Columbia coast and
southeastward into Washington. But by this time a weakening of the Pacific



Fig. 2-3. HIGH-LATITUDE TYPE, NO BREAKTHROUGH. NNW-SSE ORIENTATION.
For legend see figure 2-1.
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block has permitted a mid-latitude breakthrough of a weak Pacific storm from
west or southwest. As it moves toward the coast, rapid deepening occurs
when cold Arctic air flowing southwestward off the Washington coast enters
its circulation. The center moves rapidly eastward, followed by a southward
shift of cold air to its rear.

The depth of centers as they reach the coast, as well as their latitude
and number, influences the rainfall distribution. In the January 1943 storm,
the first Pacific breakthrough involved warm air in a Low which had moved
northward from near Honolulu on the back side of the block prior to eastward
movement (figure 2-23a). Because of the great contrast between this air and
the cold air flowing off the coast of British Columbia, the storm center be-
came so deep at the coast that, although it entered in Oregon, strong pres-
sure gradient extended southward through Southern California. The second
Low center entered near San Francisco about 36 hours later, with strong gra-
dients and moderately high dew points in Central and Southern Califormia. It
prolonged the storm to nearly 3 days' duration.

The convergence mechanisms in such a storm are intense as a result of
deep Low centers moving across the area, strong winds in changing pressure
fields with which they are not in balance, and marked frontal effects.

2-A~3, Mid-latitude type storms

The broad~scale circulation during these storms is more nearly zonal
than in the other types. Blocking in the Pacific is replaced by areas of
low pressure. The three directions that title the subheadings of this type
suggest, in a general way, the direction of approach of Lows just offshore
and the average direction from which the flow enters California as storms
cross the Pacific from a westerly direction at middle latitudes. The block-
ing effect of a continental High is greatest with the Southerly subtype and
least with the Westerly, a zonal type. Anomalies in moisture decrease in the
same manner.

Southerly. Deep Lows crossing the eastern Pacific at middle latitudes,
or forming there, are diverted northward some distance offshore by the con-
tinental block (figures 2-7 and 2-8). This maintains a very high pressure
gradient along the coast. The high values of surface dew point result from
an air trajectory from south-southwest from a low latitude at high speeds.
Only after the final front passes inland is this warm flow cut off, since
prior to this time it has either entered directly as tropical air or has
been modified by lengthy flow at a low latitude so as to be almost indis-
tinguishable from tropical air. Frontal systems reaching the coast prior
to the final one have rapidly undergone frontolysis.

Southwesterly. This is the most common storm type, both in Northern
and Southern California.

1. Northern California. The depth and position of the center of the
offshore circulation is influenced by successive occluding Lows from the




Fig. 2”70

Figo 2'8~

11

. / \
A / . / ! S
7 / / [ .
fromrdeng Gk [T B e
7 ODEC. 9-lf, 1837 / 5. 11 ] % S
- £ ) ) ; e ] | b
L i i . + 25 B 1y ¥ b

MID~-LATITUDE SOUTHERLY TYPE.
see figure 2-1.

NORTHERN CALIFORNIA.

For legend

< ]

MID-LATITUDE SOUTHERLY TYPE.
to sequence of Lows.

SOUTHERN CALIFORNIA.

For legend see figure 2-1.

Numbers refer



12.

west that deepen on entering the eastern Pacific but tend to rotate around
a mean offshore position as the occluded fronts enter the coast from the
southwest and impinge against the continental High (figure 2-9). The fre-
quency and orientation of the occlusions is such that there is only brief
decrease in strength of flow between them. The long trajectory of polar
air at low latitudes prior to reaching the coast provides modification to
the point that its characteristics approach those of tropical air, although
not to the extent of the Southerly type. Tropical air appears to be in-
volved only rarely, and then quite briefly in connection with the warm sec-
tor of a wave development,

In the February 1940 storm, waves formed on the polar front closer to
the coast than indicated in figure 2-9, and were less completely occluded
at the coast than in other storms. In the January 1909 storm, Low centers
formed at & lower latitude than indicated in figure 2-9, as a result of ex-
tension of the Alaskan High southward from the Aleutians, and later deepened
in the southern Gulf of Alaska.

2. Southern California. Four storms of this type, each of which pro-
duced a prolonged southwest flow of moist air over Southern California, are
described (figures 2-10a, 2-10b, and 2-10c¢). Their common characteristic
was a southeastward shift of the long-wave trough close to the coast as com-
pared to its position in Northern California storms of this type.

February 13-16, 1927 and February 28-March 3, 1938. With a deep semi-
stationary Low in the southern Gulf of Alaska, a chain of occluding waves
passed around its southern periphery at a fairly low latitude before ap-
proaching the coast (figure 2-10a). The blocking continental High was well
to the north, permitting a breakthrough of these storms south of it, across
Southern California and into the southern Plateau.

April 4-8, 1926. A strong ridge was present in the central Pacific.
Weak storm centers crossed this ridge at middle latitudes, deepened as they
moved southeastward to a low latitude in the eastern Pacific where they re-
curved to the northeast and entered the Central California coast at approx-
imately 24-hour intervals as completely occluded fronts (figure 2-10b).

February 17-21, 1914. A storm center, crossing to the north of a simi-
lar mid-Pacific ridge, stagnated and filled in the Gulf of Alaska, but a new
storm center forming on the southward trailing front at a low latitude, set
up a southwest-northeast wave chain into Central California and a persistent
moist flow into Southern California (figure 2-10c).

Westerly: Northern California. This is a strong zonal type involving
relatively minor storms (figure 2-11). The Pacific High is well developed
in mid-Pacific. Storms passing out of a long-wave trough farther west speed
north of this ridge toward southeast into an offshore long-wave trough, and
intensify off the Washington-Oregon coast. Frontal systems leave the main
Low offshore and pass eastward across all of California, followed by a weak
surface ridge of high pressure. The time interval between storms is 24 to

36 hours.
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Wind directions are nearly due west, except southerly a short time in
advance of a frontal system. Pressure gradients are very strong near the
frontal systems. The air is relatively unstable in lower layers and cold at
all levels, since the trajectory and rate of movement is such that the polar
air does not attain near the complete modification of the Southerly and
Southwest subtypes.

This type causes heavy snowfall accumulations in mountain areas over
a period of time and a low snow line. Heavy rainfall totals may occur at
low levels if the storm is of long duration (March 29-April 4, 1958). Fron~
tal rain at lower levels is a significant part of the total and, because of
convective instability, local short-period intensity may be very high; but
the intermittent nature of the rain controls runoff on major streams.

"MINOR i
DEC.25-27, #8950
LEC. 527, fo52

. MAR. 29-/4PR, 4, 19
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N

Fig. 2-11. MID-LATITUDE WESTERLY TYPE. For legend see figure 2-1.
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2-B. SYNOPTIC HISTORY OF RECENT MAJOR STORMS

The synoptic history of several recent major storms is discussed.
Description of various storms prior to 1943 is contained in Hydrometeoro-
logical Report No. 3 (2) for Northern California, and Hydrometeorological
Report No. 21B (3) for Southern California.

2-B~1. The December 1955 Low-latitude type storm

This storm ranks high among known storms in Northern and Central Cali-
fornia from the standpoints of large areal extent, duration and intensity of
precipitation, This is evident in precipitation records and more dramatical~.
ly in streamflow records. Most streams listed in table 2-1 set new peak flow
records, some by wide margins; this list includes larger streams on the coast
from Monterey Bay northward and all larger Sierra streams.

Emphasis in the following discussion of the storm is on depth and track
of the surface Lows associated with the frontal boundary extending from a
low latitude over the Pacific to the coast and their relation to the posi-
tion and strength of the moist flow over Northern and Central California,
which was largely responsible for periods of heavy precipitation and high
streamflow. Also emphasized is the role of the Lows in the southern Gulf of
Alaska in bringing cold air southward toward the tropical flow to develop or
deepen waves on the frontal boundary, as well as to maintain a broad off-
shore trough extending to low latitudes and a strong onshore flow over North-
ern California. The upper-air circulation in this storm was a reflection of
that near the surface except for brief periods when the surface flow became
light. The upper-air Gulf of Alaska Low was somewhat more extensive and the
mid-Pacific ridge somewhat narrower than the surface portions of these fea-
tures.

Conditions prior to the storm were favorable to high streamflow with
considerable snow accumulation above 4500 feet in the northern Sierras and
6500 feet in the southern Sierras from previous storms.

The storm was split into two periods~-prior to and following the 20th,
a day when precipitation was generally light while the frontal boundary from
the coast to low latitudes was being re-established. The second period was
by far the more important. See figure A-6 in Appendix for 24-hour isohyets.

December 17-19. The initial frontal system of the storm and associated
Low, labeled (1) in figure 2-12, moved slowly south of the mid-Pacific block
on the l4th to the 16th, then rapidly to the coast by the morning of the 18th
and northward off the Washington coast. This Low was followed closely by an
occluding wave, (2) in figure 2-12, forming on the trailing front not far
offshore (figure 2-13a). Another wave forming on the trailing front (in fig-
ure 2-13a and later) occluded along the Northern California coast and weak-
ened rapidly as it moved inland near midday of the 19th (figure 2-13b).
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Precipitation in this part of the storm was confined mainly to Northern
California and the Central Califoxnia coast north of Monterey. Only moder-
ate on the 17th, it was more or less heavy from late on the 18th with ap-
proach of the second frontal system until after passage of the third during

~the 19th. This period is labeled (1) on the 6-hourly hyetographs for se-
lected coastal mountain and Sierra stations (figure 2-15). Some stations
show a peak with each frontal system.

The first of the Gulf of Alaska Lows, (A) in figure 2-12, experienced
intense cyclogenesis over the northern Gulf of Alaska on the 17th, as a cold
outbreak of air across northern Siberia and western Alaska encountered the
warmer Pacific water, Moving rapidly southward by the 18th, this Low stag~
nated about 800 miles west of Seattle for nearly 2 days, recurved northward
and slowly filled. 1Its circulation kept the Low centers (1) and (2) in
figure 2-12 and the following wave small in area and on a counterclockwise
track around its periphery. It maintained a strong southwest flow over
Northern California on the 20th following the first storm period. More im-
portant, as it took on a northeast-southwest orientation on the 20th, it
provided a broad offshore trough (figure 2-13c¢) to facilitate entry of low-
latitude Lows into the eastern Pacific and to establish a deep flow of moist
air from near the Hawaiian Islands to the Northern California coast, not
present to the same degree on the 19th.

i

Fig. 2-12. TRACKS OF SURFACE LOWS IN THE DECEMBER 1955 STORM
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December 21-24., By the evening of the 20th the offshore frontal bound-
ary extending from the coast south of the mid-Pacific block into the western
Pacific (partially shown at left edge of figure 2-13c) was re-established
when the southwest extension of a cold front, which had rotated around the
Gulf Low to the Washington coast, joined the next system moving under the
block. Open waves moved rapidly northeastward along this boundary. The
first of these, (3) in figure 2-12, deepened rapidly far offshore the night
of the 20th as a surge of cold air, (3a) in figure 2-12, driving southward
on the back side of the Gulf Low, entered its circulation. The combined
center moved quickly to the Washington coast by the evening of the 2lst {fig-
ure 2-13d}. A wave, forming on the trailing front just off the coast, {4) in
figure 2-12, moved onshore in the same area on the morning of the 22d. This
sequence resulted in a very strong flow of tropical alr, especially at low
levels, over Northern Celiformie for about 18 hours. It was followed by 2
brief lull in low-level winds and convergence precipitation as & weak surface
pressure ridge passed during the afternoon; winds at upper levels continued
strong from southwest, however.

The next wave,{3) in figure 2-12, moved under the mid-Pacific block,
then rapidly to the Northern Cazliformia ccast by the evening of the 22d {fig-
ure 2-13e}, restoring strong low-level flow of moist air and high precipita~
tion intensity, this time centered over Central California. As steble waves
moved along it, the frontal boundary moved slowly southeastward into south~
centrel California by the evening of the 234, cutting off the moist flow as
it passed (figuvre 2-13i}.

The second Gulf Low, (B} in figure 2-12, originated as cyclogenesis south
of Anchorage on the evening of the Zlst, then moved southeastward by the 23d
to a position west of Vancouver Island where it stagnated for 2 days. Its
minor role in the storm was to maintain a stromg southwest flow of polar ai
over Northern Californis from the 24th to the 26th; this permitted the weak-
ening frontal boundary to stagnate and the vazin to continue in southe-central
Californiz on the 24th. (The Low also caused Light precipitation in extrems
Northern California on the 25th and 26th.}

Extremely heavy precipltation occurred over Northern and Central Cali-
fornia in one or both of two periocds, one on the afterncon and night of the
21st, the other on and subsequent fo the evening of the 224, {2} and {3} in
figure 2-15. Thev were associsted with the strong moist flows to the south
and east of the frontal boundaries shows in figures 2-134 and 2-13e, re-
spectively., The axis of the former flow {and resultant heavy precipitation)
cyossed the north coast. That of the latter crossed the central coazt with
an orvientation slightly more toward wesi-east. There, 2 minor increase in
precipitation occurred later, priov to the frontal passage (&, figuve 2-13).

Peak runoff and most severe flooding on north coast streams sceourred
on the 224, following the firet period {col. 2., teble 2-1}. & location meap
for the river basinsg is shown in figure 2-14. The Russian River peak wasz
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ring with the fronital passage on the afterncon of the 23d.
South of San Francisco, coastal streams peaked during the second period and
later with the frontal passage (cols. 3 and &, table 2-1). Peak flow on the
Zan Lorenzo River on the night of the 224 was particularly sharp, causing a
sh flood in Banta Uruz. 2Becguse of the siow southward progress cf the
.nnia% boundary, vain south of Paso Robles occurred mainly on the 234 znd
&th. Only the siight shift in position and orientation of the moisture
flow pattern in the second period prevented a repetiiion of the disastrous
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ruing or afteracen or both. outh of the Calaveras River a peak
in the morning wn;y fcol, 3); from there northward, the main peak
later in the dayv {(col. &}, While the former resulted primarily
gxtremely high imfi@g cf moisture on the night of the 224, repre-

figure Z-13e, the latter resulted from the cumulative effect of
an incvease in precipitatien intensity during the late morning of
prior fo passage of Lhe finsl frontal systsm. This increase is ap-
tr Blue Lanyon {burst & in figure 2-15). The disastrous conseguences
looding on various Zlerra streams resulting from these record peak
e well-lknown.

In the above discussion, asscciation of runcff peaks from Sierra streams
with prior rainfail bursts was possible because the sizeable contribution of
Siarra snowmelt to vuneff was sufficiently coincident with that of rainfall
28 not to obscure their relation.

@moved scutheastward acvoss falifornia, preceded by a short period of moderate
precipitation in Morthern and Central Caié%ornaa on the 26th. It was fol-

lowed by 2z yidge of %zgh pressure on the 27th, finally termipating the storm
after a prolonged

With Low B in figure 2-12 filling rapidly by the 26th, a cold front
A
i

k4

0 o5



Table 2-1

DATE AND HOUR (PST) OF PEAKS IN STREAMFLOW (THSDS. C.F.S.) IN DECEMBER 1955 STORM

) Previous Record Period of
River Gauging Station (1) (2) 3 (&) Date and Flow Record-From
Sierra Streams
Sacramento {Shasta Dam) 2101 (1L19)# 2204 (200) 2/28/40 (280) 1895
Feather (Oroville) 1922 (93) 2206 (184) 2312 (218) 3/19/07 (230)## 1902
Bear (Wheatland) 2000 (16) 2213 (32) 2320 (33) 1/21/43 (31)* 1903
Yuba (Smartville) 1921 (58) 2210 (140) 2314 (162) 3/26/28 (120)* 1904
American - (Folsom) 2214 (196) 2316 (218) 11/21750 (200)* 1904
Consumnes (Michigan Bar) - 2215 (21) 2308 (34) 2318 (43) 11/18/50 (28)* 1907
Mokelumne (Benson's Ferry) 2213 (14) ° 2308 (26) 2316 (28) - 1926
Calaveras (Hogan Dam) 2214 (l6) 2306 (23) 2316 (31) 1/31/11 (50) 1907
Stanislaus (Melones Res.) 2219 (54) 2305 (100) 1/31/11 (60)* 1903
Tuolumne (Don Pedro Res.) 2311 (105) 11/11/50 (95)* 1895
Merced (Exchequer Dam) 2310 (102) 11/19/50 (83)%* 1922
Chowchilla {Buchanan Dam) 2307 (31) 11/19/50 (23)* 1921
Fresno {Daulton) 2307 (13) 3/2/38 (15) 1937
San Joaquin  (Friant Res.) 2306 (84) 12711737 (717)* 1907
Kings (Pine Flat Res.) 2308 (100) 11/19/50 (91)* 1895
Kaweah {Three Rivers) 2308 (74) 11/19/50 (52)* 1904
Tule (Porterville) 2306 (14) 11/19/50 (25) ‘1901
Kern {(Isabella Res.) 2310 (28) 11/19/50 (27)* 1905
Coastal Streams

Smith (Cresent City) 2204 (165) 10/29/50 (150)* 1931
Klamath {Klamath) 2006 (160) 2213 (400) 1/18/53 (297)% 1910-26, 1950
Eel {Scotia) 2004 (218) 2216 (500) 12/11/737 (345)* 1910
Russian {Guerneville) 2008 (68) 2314 (89) 2/28/40 (88)* 1939
Napa {St. Helena) 1919 (9) 2206 (13 2300 (8) 2316 (8) 2/6/42 (12)* 1929-32,1939
San Lorenzo (Big Trees) 2210 (7) 2301 (29) 2315 (16) 2/27/40 (24)* 1937
Pajaro {Chittenden) 2409 (18) 4/4/41 (11)* 1939
Salinas (Spreckles) 2503 (24) 2/12/38 (715) 1929

*December 1955 peak set new record
#Result of local instability precipitation

Source:

##Upstream storage in 1955 not existent in 1907
Geological Survey Water Supply Paper 1445
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2-B-2. The November 16-20, 1950 Low-latitude type storm

This storm appears prominently in high central Sierra precipitation
and streamflow records primarily as a result of inflow of tropical air from
near the Hawaiian Islands, as in the December 1955 storm. But in this storm
weakness of the mid-Pacific block at high latitudes more readily allowed en-~
try of storm systems southeastward across western Alaska or the Aleutian
chain. Blocking at low latitudes prevented entry there from the western
Pacific and confined low-latitude Lows at the coast to development in the
eastern Pacific of stable waves on the frontal boundary. The fact that Lows
near the cocast at the latitude of California were not deep and moved slowly
somewhat limited convergence precipitation. The more important orographic
precipitation resulting from a moist flow as it related to the synoptic his-
tory of the storm is best illustrated by use of 700-mb charts {figures 2-17a
to e}, in conjunction with the surface composite chart (figure 2-16), and
f-hour precipitation plots at coastal and Sierrs Mountain statioms (figure
2-18}.

tntecedent conditions were less favorable to high runoff than in the
December 1953 storm. There was a moderate accumulation of fresh snow in the
northern Siervas above 35000 feet and considergbly less to the south above
6000 feer. This fell on the 13th to 1léth. Prior to the 13th nearly Z weeks
of dry weszther had followad a week of intermittent rain.

2o

Fig. 2~16. TERACKS OF SURFACE LOWES AMD FRONTAL ZONES IN THE NOVEMBER 1930
STORM
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The storm featured excessive orographic precipitation in mountain areas
of Central California on the 18th and again in north-central California on
the 20th from moist tropical flows south of the frontal boundaries shown in
figure 2-16., Earlier,; heavy precipitation had fallen briefly over the
northern third of the state around the 16th, mainly prior to passage of the
frontal system associated with Low A in figure 2-16, which moved southeast-
ward and deepened in the Gulf of Alaska,; stagnating off Vancouver Island
from the 15th to the 18th. A 2Z24-hour isohyetal map is shown in figure A-5.

November 18. The tropical flow at the coast on the 18th resulted from
a rather unusual combination of circumstances. A deep Low aloft which had
stagnated northeast of Honolulu since the 10th, was drawn northeastward to-
ward the coast, beginning on the 1l6th (figure 2-16), as deepening occurred
southwestward from Low A. On the 17th its circulation alofi was merging
with that of the Low A {(figure 2-17a), permitting a fairly direct flow of
air to the south of the frontal boundary shown in figure 2-16 to reach the
Central California coast from a distant low latitude by the morning of the
18th (figure 2-17b}. This flow was preceded at the surface by a warm front
which moved across Central California early that morning (figure 2-16), re-
maining stationairy in a west-east position at about the latitude of Sacra-
mento that afternoon and evening while flat waves moved along it. By the
following morning this front was moving slowly southward where it disappear-
ed as surface pressure rvose rapidly on either side. Drier air to the north
of the front was replacing the moist flow (figure 2-17c¢).

Precipitation near and south of this frontal boundary was heavy on the
18th and early on the 19th in coastal mountain areas from latitudes 36.5 to
39N (figures 2~18 and 19), and in the Sierras from latitudes 36 to 39.5N.
Precipitation was particularly heavy in the southern half of this Sierra area,
resulting in peak flows exceeded only by the 1955 storm on most streams from
the Kern northward to the Tuolumne, with a higher flow than in 1955 on the
Tule (table 2-1 and figure 2-14).

November 20, By the 19th the Low A (figure 2-16) had disappeared and
Low B was controlling the cffshore circulation. Its position farther off-
shore, along with a buildup of the upper-level ridge of high pressure over
the Southern Great Basin by the morning of the 20th (figure 2-17d), caused
‘the flow of air at the coast over the northern half of the state to back.
By then also the frontal system associated with Low B had crossed the Pacific
Northwest and extended southwestward across Northern California; offshore it
had merged with the old stationary frontal boundary and pushed it somewhat to
the southeast (figure 2-16). In this way a moist tropical flow (figure
2-17d), was again restored to that portion of California just south of this
front, this time as a southwesterly flow at the coast, compared to the nearly
westerly flow of the 18th. As surface pressure rose on both sides of the
front on the 20th, it remained stationary most of the day across north-cen-
tral California. Meanwhile, low-level winds became light although with cold-
er air to the north, upper winds remained strong. The buildup of the ridge
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aloft over Southern California, begun on the 19th, progressed rapidly on the
20th with filling of the Low B and shift of the offshore circulation westward
around Low C. As this ridge pushed northwestward off the Central California
coast during the night of the 20th and as dry air reached Northern California
from the West {figure 2-17e), the narrow moist flow to the coast was cut off.

Precipitation on the 20th was centered near the stationary front. In
the Sierras it was concentrated mainly between latitudes 38.5 and 40N (fig-
ures 2~18 and 19}, including drainages from the Mokelumne to the Feather.

It was particularly heavy on the south fork of the Yuba (Blue Canyon, fig-
ure 2-18), and the adjoining American, whose peak flow early on the 2ist ap-
proached the record flow of December 23, 1955 {table 2-1). In the coastal
mountains precipitation was heavy only at higher elevations between latitudes
37 and 39N.

Precipitation comparisons. It is of interest to note differences in the
relation of the mearly stationary frontal zones of the 18th and 20th to con-
vergence and orographic precipitation areas on those dates:

On the 18th, convergence precipitation was heavy at most Central Valley
stations from the front southward beyond Merced (table 2-2). From Sacra-
mento northward most of the precipitation occurred ahead of the warm front
early in the morning; further south it fell later in burst patterns moving
both with and across the moist flow. Orographic precipitation was heaviest
in the south-central Sierras some 100-200 miles south of the stationary
front. Thus orography and moisture flow rather than position of the front
determined the location of heaviest precipitation in mountain areas, while
convergence rain in the Central Valley was determined to a large extent by
convergence mechanisms other than those associated with the east-west sta~
tionary front. :

Table 2-2

CENTRAL VALLEY PRECIPITATION IN THE NOVEMBER 1950 STORM

November 18 November 20

{Inches) {Inches)

Red Biuff .25 .33
Oroville 1.12 1.78
Wheatland 2.10 2.15
Sacramento 1.75 .78
Stockton 2.13 41
Modesto .87 .21
Merced 2.69 .15

Fresno .79 .09

On the 20th the effect of the stationary front was to concentrate pre-
cipitation in a narrower band, both in the valley (table 2-2) and in the
Sierras (figure 2-19), resulting in sharp areal decrease in precipitation
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amounts on either side of this band (figure 2-18). This was accomplished

at higher elevations mainly by keeping the narrow moist flow in a nearly
stationary position to accumulate heavy orographic precipitation over s
relatively small area, and at lower elevations by centering convergence pre-
cipitation near the front. The percentage contribution of convergence pre-
cipitation to mountain station totals--as measured by average ratio of low-
elevation/downwind high-elevation precipitation amounts--near the front showed
no increase on the 20th over that for the rest of the storm.

In this storm the position of the area of heavy precipitation on the
20th further morth than on the 18th is an unusual feature in major storms,
It resulted from the fact that the Gulf Low B was 10 longitude degrees fur-
ther west on the 20th than Low A on the 18th, along with a progressive
buildup of the ridge aloft over the Southwest. It is in contrast to the
position of the heavy rain further southeast on December 22, 1955 than on
the 21st, as the offshore upper-air trough was displaced 5 longitude degrees
eastward irn the interim. '
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2-B-3. The Januarv 30-Februarv 3, 1845 Mid-latitude type storm

The main feature of this storm was the redevelopment of Low centers at
middle latitudes in the eastern Pacific {or movement there from the west),
with subsequent counterclockwise rotation of these Lows toward higher lati-
tudes off the Pacific Coast so as to bring an increasingly moist flow over

most of Californie.

Antecedent conditions were unfavorable to high runoff since January had
been dry up to the 30th, except for light precipitation January 15-18. The
Sierra snowpack, much below normal, was mostly above 3000 fest to the norti
and 7000 feet to the south. Except near the snowline, it was increased by

new snow early and late in the storm.

Prior to this storm a warm ridge of high pressure, centered near the
western coast of North America, effectively blocked Lows crossing eastward
into the mid-Pacific at middle latitudes, forcing them abruptly northward
into the eastern Aleutians, This blocking effect is seen {figure 2-20), to
have been complete on Lows A and B; Low A was diverted northward on the 26th
and Low B on the 27th and 28th, after forming as a wave on the trailing

front. On the 29th and 30th, new Low centers 1, 2 and 3 formed on the o
to the southeast of

cluded front of each of the parent Lows 1, 2 and 3 fax
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the parent Lows. These new Lows moved northeastward and northward off the
Oregon or Washington coasts as shown. By the 30th, with the approach of
Low 1, the upper-level ridge near the coast was moving eastward; it re-
mained over the Midwest during the storm.

The weak occlusions extending from Lows 1 and 2 moved inland through
Northern and Central California on the night of the 30th and midday of the
3lst, respectively. Early on February 1 the strong occclusion extending from
Low 3 passed through Northern and Central California (figure 2-21a). Low 3
had approached close to the Oregon coast before swinging northward, to be
absorbed in Low 4. The much weaker occlusion associated with the intense
Low 4 crossed during midday. A wave (5}, forming offshore to the southwest
on the trailing front, deepened and occluded rapidly as it moved north~
eastward off the Washington coast, its frontal system crossing Northern and
Central California during the evening and night of the lst, (figure 2-21b).
This Low left a deep trough immediately offshore until the following evening
as it moved northward.

The rapid succession of Lows (1 to 5 in figure 2-20), moving counter-
clockwise about a mean offshore position, maintained a southwesterly flow
over the northern two-thirds of California from the 30th to the 3d. (Time
plots of wind, moisture and moisture transport are shown in figures 3-3c
and d.) It became strong the night of the 31st with approach of Low 3, con-
tinuing strong through the 2d until the offshore trough from Low 5 had weak-
ened. This flow was fairly moist by the lst, having traveled along the
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southern periphery of Lows 3 and 4 across mid-Pacific at a low latitude. Its
moisture content reached a peak on the morning of the Ist over Northern Cal-
ifornia and by evening further south, ahead of Low 5 which had drawn in very
moist air briefly into its warm sector. This air, after upward adjustment
for season, was not as warm and moist as that in the 1955 and 1950 storms.
Moisture decreased sharply with ingress of cold air behind the final front,
but increased again somewhat prior to eastward movement of the offshore
trough on the night of the 2d.

Precipitation was heaviest in Central California, centered around Feb~
ruary 1. Minor peaks (1 and 2 in figure 2-22) occurred mostly in central and
south-central California with passage of the occlusions associated with Lows
1 and 2. Peak 3 occurred early on the lst with the increased flow and pas-
-sage of the strong occlusion related to Low 3; this peak was high at Central
California mountain stations between latitudes 36 and 38N where the moist
flow was especially strong and convergence precipitation at upwind coastal
and valley stations was heavy. The minor increase in precipitation rate near
the occlusion associated with Low 4 about 6 hours later is evident at most
stations in figure 2-22 only as a broadening of peak 3. Despite the inten-
sity and proximity to the coast of Low 5 on the evening of the 1lst, its re-
lated peak 4 is not well defined in figure 2-22 at most Central California
coastal mountain stations because of continuation there of rain in the after-
noon. In this interim, patterns of convergence precipitation moved rapidly
eastward in the continuing strong moist flow across Central California in
advance of the final occlusion; also instability was evident then in reports
of thunderstorms in central coastal areas. Further south, peak 4 dominated
storm precipitation as the final front of the storm passed across Southern
California toward morning of the 24, Passage inland of the offshore trough
during the night of the 2d resulted in a period of showers (peak 5) over most
~of the state, i

Peak streamflow in this storm did not approach record values on any
stream because of one or more of the following factors: 1less favorable ante-
cedent conditions, lower precipitation intensity, shorter duration of heavy
precipitation and lower freezing level. All are pertinent in comparison with
the December 1955 storm. Table 2-3 compares 1945 storm peak flows with high-
est and second highest of record on those unregulated streams of lengthy
record where the 1945 storm peak flows are among the top five of record.
These Sierra streams are between latitudes 36 and 38N.

Table 2-3

COMPARISON OF HIGH STREAMFLOW IN 1945 STORM WITH 1950 AND 1955 STORMS
Date of Peak Flow in Thsds of CFS

Stream Location Period Since Flow 1945 1950 1955
Merced Bagby 1895 2/2/45 40 83 91
Tule Porterville 1901 2/1/45 13 25 14

Kings Pine Flat 1895 2/2/45 49 91 100
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2-B-4., The January 20-23, 1943 High-latitude type storm

This storm is noted both for its extremely strong winds and for its
large areal extent. It was somewhat more intense in Southern California than
farther north, partly because of higher average temperatures at lower lati-
tudes. It is classified as a High-latitude type storm because of the typical
crescent-shaped block surrounding an area of cyclogenesis close to the Brit-
ish Columbia coast in the initial period of the storm. But the track of the
deepening Low on January 20 was southeastward into the Pacific Northwest
(Low 1 in figure 2-23a) rather than southward along the coast, as in the typ-
ical High~latitude type storm.
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The synoptic sequence. The southeastward movement of this initial Low
was concurrent with weakening of the block in the eastern Pacific at middle
latitudes so as to permit breakthrough of an old Low (2 in figure 2-23a),
the last of three which had moved northward from near the Hawaiian Islands
along the back side of the block. Approaching the coast, this Low deepened
rapidly as it encountered the southward flow of cold polar air to the rear
of the initial Low moving into eastern Washington. It moved inland across
the southern Oregon coast on the 2ist. Low 3 in figure 2-23a formed on the
occlusion extending to the southeast from a deep stationary Low in the west-
ern Aleutians. As this newly formed Low moved rapidly toward the coast it
deepened in a manner similar to Low 2, entering north of San Francisco on the
evening of the 22d.

A more detailed picture of the storm sequence is obtained by study of
figures 2-23b through 2~23e, sea-level maps at 24-hour intervals from
0430 PST, January 20. A warm front in figure 2-23b is shown entering the
coast ahead of the southeastward-moving cold front associated with Low 1 of
figure 2-23a., This warm front marked the boundary of warm Pacific air re-
placing cold air from a prior polar outbreak over the Western States and
adjacent ocean area. Heavy snowfall preceded the warm front in the extreme
northern Sacramento Valley on the 20th. Rain extended southward to Santa
Maria and was almost continuous north of San Francisco the entire day. The
cold front progressed southward during the 20th only as far as the Oregon
border where it awaited the approach of the first deep Low from the west on
the morning of the 21st (figure 2-23c).

The strong westerly flow prevailing over the northern half of California
from Low 1 was extended southward with approach of Low 2 by the 2lst and
greatly intensified as a southwesterly flow. Record surface pressure gra-
dients for California were recorded on that date between points in both the
Sacramento and San Joaquin Valleys and along the coast north of San Fran-
cisco. Persistence of these strong gradients was due not only to Low 2 with
its 976-mb center as it entered the coast in the morning, but also to sub-
sequent cyclogenesis (2A in figure 2-23a). The latter is faintly suggested
as a wave in figure 2-23c forming offshore on the polar front separating the
cold offshore flow from the Pacific Northwest and the mild Pacific flow be-
hind the occlusion. This wave, entering the central Oregon coast during the
evening of the 21st with a 973-mb center (deepest of the storm), is shown in
figure 2-23d over eastern Idaho on the morning of the 22d. By this time the
first occlusion was moving slowly across Southern California.

As with the approach of the first Pacific Low early on the 21lst, the
southward progress of the polar front was again delayed with approach of the
second Pacific Low on the 224 (figure 2-23d), but only after cold, drier air
had penetrated into the northern third of the state. This Low crossed the
coast near Fort Bragg early that evening with a 982-mb center, moving into
southern Idaho by the following morning (figure 2-23e). During this time the
sea~level pressure gradient was particularly strong and orographic rain was
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intense over the southern part of the state. Although the occlusion is
shown crossing Southern California on the morning of the 234, a trough per-
sisted along the south coast, continuing the showers over the southern part
of the state until late that night.

Storm moisture. The tracks of the Lows suggest the moisture pattern of
the storm. While pressure gradients were somewhat higher in Northern and
Central California than farther south, highest moisture was centered well to
the south. Table 2-4 shows average 12-hour 100C-mb dew points at 3 locations
during the storm.

Table 2-4.
AVERAGE 12-HOUR L0UG-MBE DEW POINTS (°F) IN THE JAWUARY 1943 STORM

Red Biuif Cakland Long Beach
20th 39 45 -
L& 51 -
2ist 32 5% -
v 51 54
224 46 47 57
b4 53 57
23d - 47 34

WEre except on the morning of the
2ist. W eRCent time of passage of the {first
Paciflc Low, rising again byi efly iaka on ?&@ 224. At Long Beach, how-
evey, dew points were fair he 2-dsyv period of nearly
continuous rain thevre, ig prevalen i
moisture in the south ¢ 1 con
the storm L(ype, 41 £iow
only temporaril e for
its persistence e reguliad
iatz&uﬁinaﬁ varia o bui great
of sea-suri .

The lerge range stor: ¢ pol the
reflects the extreme differen in tedp@”atav
ical air reaching that ares af G
o fhe Zlsz {(Bureka i &
there initiaglly and 1
Horthwest {Euveka waxi

There is ample evidencs
derstorms were widespread in
in Worthern Californis from
on the nights of the Zl.t
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Table 2-5

COMPARISON OF STREAMFLOW (THSDS CFS) IN THE JANUARY 1943 STORM WITH
THE MAXIMUM OF RECORD

River Station Flow-Date-Time (PST) Record Flow and Date
Northern and Central Coastal Streams
Eel Scotia 315 2122 500 12/22/55
Napa St. Helena 5 2111 13 12/22/55
San Lorenzo Big Trees 14 2215 29  12/23/55
Salinas Spreckels 43 2222 75 2/12/38
Sierra Streams
Feather Oroville 108 2116 230 3/19/07
Bear Wheatland 31 2108 33 12/23/55
Consumnes Michigan Bar 16 2119 43 12/23/55
Chowchilla Buchanan Dam 8 2204 31 12/23/55
Kaweah Three Rivers 17 2200 74 12/23/55
Tule Isabella Res. 7 2204 28 12/23/55

Southern California Streams

Ventura Ventura 35 2223 39 3/2/38
Santa Clara Saugus 15 23-- 24 3/2/38
Arroyo Seco Pasadena 6 2302 9 3/2/38
Cajon Cr. ~ Keenbrook 11 2302 : 14 3/2/38
Santa Margarita Ysidro. 19 2308 33 2/16/27

Comparison of these peak flows with record flows indicates that only
on the Bear River in the central Sierras and on the Ventura River in South-
ern California did they approach record flows. To the north both rainfall
and snowmelt were comparatively low in this storm.

It is significant that in Southern California the record streamflows
of the February 27-March 3, 1938 storm followed 2-day rainfall totals gen-
erally smaller than in this storm, as shown in table 2-6. (Locations are
on figure 2-25.) Only in the Laguna Mountains far to the south did
March 1938 2-day rainfall exceed that in this storm. This apparent anomaly
was due primarily to difference in antecedent conditions. A long dry period
in Southern California preceded the January 1943 storm (2.28 inches in the
preceding two months at Mt. Wilson), while in the month prior to the 1938
storm, rainfall was nearly double normal amounts. Thus soil conditions and
unused reservoir capacity prevented the serious flooding experienced in the
1938 storm despite heavier rainfall, especially in the San Gabriel Mountains.
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2-C. COMPARISON OF THE DECEMBER 1884 AND DECEMBER 1955 STORMS
IN THE CENTRAL SIERRAS

Appraisal of storms on the basis of storm rainfall rather than on the
basis of runcff may lead to a widely differing view of relative importance.
This is largely because of differing antecedent conditions. & major pre-
cipitation storm following a dry and snowless period conceivably may not be
Iisted in the record as a flood storm. The December 1884 storm is an ex-
ampie. The purpose of this section is to document the meteovoclogical aspeacts
of this early storm and account for the contrast in degree of flooding with
that of other storms, particularly the December 139355 storm in whzcb central
Sierra rainfall was in some respects strikingly similar.

The synopiic seguence. The sequence of storms affec
Coast from December 17 to 26, 1884 is shown by & daliy 1200
ures 2-26 and 2-27), part of a series drawn at 8-hour intenm
the 17th and 26th are not included. Rainfall awmounts shown ar
ending at map time.

e
,yi!
b

From the 16th to the 19th the poler front extended suwe
Northwest, thence south-southwestward coffshore. Open wavas or )
reached the coast and moved eastward across Oregon to the gouth of id
over Washington and southwestern Canads. Passage inland of this frount
boundary on the 19th {figure 2-286) was followed quickly by awv e“onga%@w ST
ciuded f£ront which crossed the coast late on the 20th. UDeepening of oc-
cluding waves to the southwest on the offshore portion of this front resuli~
ed in & series of three Lows reaching the coast {figuve Z-27
deep Low, wmoved onshore in southerw Orvegon on the 224, then
Most streams in the Sacramento River Basin reached thei
passage of this Low. 4 weaker Low moved northeastward
ern California coast on the 234, On the 24th and 25th
deep one, moved northward just off the Northeyn Califor
slowly inoo western Uregon, maintaining & strong socuthw
zir over Northerun Californis into the 26¢h.

Referving to the map sequences {(figures Z-2&6 and 2~27}, it
the storm features were most charvacteristic of & southwesterly
tyme. Because the average latitude of the main polar front in
was relatively far south, with blocking favther north, the trend

waves to move onshore morve often than for deep ooeluded Lows €
offshore, as is more typical of this type. The seguence f{rom
similar to that of Februayy 1-2, 1945 {fzgu @ 2-2L%.
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Fig. 2-26. SEA LEVEL CHARTS AT 1200 PST, DECEMBER 18-21, 1884
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Rainfall comparisons. Table 2-7 compares rainfall for various dura-
tions in the 1884 and 14 other major storms at a representative moderate
elevation Sierra location, Nevada City. This site is at an elevation of
2600 feet, about 60 miles north-northeast of Sacramento. The data for Jan-
uary 1862 were obtained by adjusting nearby Grass Valley data, using a ratio
of 16-day totals at Nevada City and Grass Valley.

For 6- and 9-day periods the 1884 storm totals rank 4th and 24, respec-
tively. But for durations of 1 and 2 days the 1884 storm ranking is low
while those of the 1862 and 1955 storms are high. For 6 days and less the
1884 storm values were roughly 2/3 of the 19535 storm values.

~ Table 2-7

ACCUMULATED PRECIPITATION (INCHES) AT NEVADA CITY, CALIFORNIA IN 15 MAJOR
STORMS FOR 1, 2, 3, 6 and 9 DAYS AND RANKING OF THE DECEMBER 1884 STORM

Storm 1-day 2-days 3-days 6-days 9-days
Dec. 1955 5.8 9.6 12.5 . 22.9 26.1
Nov. 1950 4.6 7.5 9.5 16.6 17.6
Jan.-Feb. 1945 4.6 8.2 10.1 10.8 . 11.5
Jan. 1943 5.2 8.7 10.9 12.1 14.5
Feb. 1940 4.4 7.6 10.0 12.3 12.7
Dec. 1937 4.7 8.7 9.8 - 9.9 9.9
Dec. 1929 4.1 7.3 7.8 13.3 15.7
Mar. 1928 3.7 6.1 8.2 12.7 12.8
Dec. 1913-Jan. 1914 6.0 7.6 8.8 10.8 11.0
Jan. 1911 4.1 5.4 7.9 10.7 15.8
Jan. 1909 4.5 7.7 10.7 13.0 17.5
Mar. 1907 3.6 7.0 9.4 12.2 17.2
Jan. 1906 3.7 6.7 8.0 13.6 19.0
Dec. 1884 3.5 6.7 9.6 15.2 24.9
Jan. 1862 6,2 11.4 14.7 16.9 18.7
Dec. 1884 Rank 15th 12th 8th 4th 24

Figure 2-28 compares the 1884 and 1955 storm rainfall sequences at
Nevada City. While the mass curves are similar, that of the 1955 storm has
a steeper slope through the 23d, an important factor with respect to peak
runoff. - ‘

Representativeness of Nevada City rainfall data, in terms of area, is
tested in figure 2-29 by comparison of 15-day totals for the 1884 and 1955
storms. Data are primarily from the American and Yuba Basins to the north-
‘east of Sacramento at elevations up to 6000 feet. Nevada City is point 9.
Most low-level foothill locations (points 1-4) and stations east of the V
Sierra summit (points 14 and 15) had greater 1955 storm totals; at windward
locations above 1300 feet (points 5-13) greater 1884 storm totals pre-
dominated. -
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This trend toward higher 1884 than 1955 storm totals at higher eleva-
‘tions is especially evident at Bowman Dam (point 13, figure 2-29), elevation
5347 feet. Double mass curves validate the comparison., Table 2-8 shows
that, even for durations of 1 to 3 days, 1884 storm amounts at higher ele-
vations were comparable to 1955 storm amounts and rank very close to it in
the list of storms of table 2-7.

Table 2-8

ACCUMULATED HIGHEST PRECIPITATION (INCHES) FOR 1, 2, 3 and 6 DAYS AT BOWMAN
DAM IN THE 1955 AND 1884 STORMS

Storm 1-day 2-days 3-days 6-days
Dec. 1955 9.9 16.3 21.4 28.0
Dec. 1884 7.6 14.5 18.9 33.8

Moisture and wind comparisons. The moisture in this storm was apparent~
ly not much less than that in the December 1955 storm. The highest 3-day
average dew point at San Francisco was 57°F in both storms. The component of
flow normal to the Northern Sierra and Coast Ranges was less in the 1884
storm than in the 1955 storm. This conclusion is supported by a comparison
of highest 3-day average sea-level pressure difference between Red Bluff and
Sacramento (2-mbs in the 1884 storm versus 5-mbs in the 1955 storm) which
exaggerates the actual difference in flow.

Comparison of snow behavior. Comparative data in figure 2-30 suggest
that the 1955 storm snowmelt in the Yuba River Basin was about as great as
in any other major storm of this century. Initial and final snow depths at
approximately the 5000- and 7000-foot elevations are plotted for major North-
ern California storms. It can be assumed that snowmelt contributed to runoff
through a considerable range of elevation in storms in which snow depth de-
creased at both elevations (Jan. 1909, Dec. 1913-Jan., 1914, Nov., 1950 and
Dec, 1955). The initial snow depths and the high freezing level of the 1955
storm permitted the 4000-7000 foot range of elevations to contribute to rum-
off. This range involves a large percentage of the total area of some North-
ern Sierra basins.

In contrast to the 1955 storm, snowmelt did not contribute in the 1884
storm which followed a 9~week period of dry weather in the Northern and Cen~-
tral Sierras. Infiltration was a significant factor in the early part of
the storm.

There was no significant difference in the relative contributions of
snow and rain during the two storms. Comparison of temperature data at
Sacramento and at several central Sierra locations in the two storms indi-
cates that the snow level was only slightly lower in the 1884 storm.
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" Runoff comparisons. Comparison of the December 1884 and December 1955
storm runoff is attempted, particularly on the Yuba and Sacramento Rivers.
‘It is recognized that stage heights cannot be compared directly because of
" changes in channel conditions, both natural and man-made. Hydraulic mining
around the time of the 1884 storm raised certain stream bed elevations, par-
tially corrected by nature in later years., Also construction of levees in
the flood plain have increased stream channel capacity and bypasses have re-
- duced the percentage of runoff that some streams carry; on many streams up-
stream storage has reduced runoff in later years.

December 188é records reveal the following information. The Yuba River
at Marysville reached a stage about 1 foot below some previous high water
mark but 5 feet bélow top of levees on the 22d and 23d. Train service was
interrupted near there on the 23d. High water was reported on the American
and Consumnes Rivers on the 22d, the Feather River on the 23d and the Truckee
‘River on the 24th but no flooding of consequence was reported. The Sacra-
mento River stage at Sacramento (figure 2-28) reached a flat peak near the
end of the storm, with an earlier peak on the 2lst reflecting rain early in
the storm in the north part of the basin. Neither peak approached the top
of levees. :

In the 1955 storm, stages on the Sacramento River at Sacramento (fig-
ure 2-28) were reduced by upstream storage early in the storm and later by
bypasses which just after peak flow on the 23d carried 3/4 of the total flow.
Thus the 1955 storm peak flow there was far greater than indicated by peak
stage, which exceeded that in the 1884 storm. ‘

Conclusion. The December 1955 storm peak runoff far exceeded the De-
cember 1884 storm peak runoff, not only on the Sacramento but on other
streams. This was due to 3 factors. Watersheds were primed by previous }
rains in the 1955 storm but were dry prior to the 1884 storm. Snowmelt was
“inappreciable in the 1884 storm compared to that in the 1955 storm. There
were periods of rainfall in the 1955 storm that were more intense and more
closely spaced than in the 1884 storm. :

The data presented above 1ndicate that had antecedent conditions in the
1884 storm been comparable to those in the 1955 storm, the former would have
been known for serious flooding on most major central Sierra streams, though
- not to the extent of the 1955 flood,
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2-D. SYNO?TIC HISTORY OF COOL-SEASON STORMS INVOLVING INTENSE
LOCAL CONVERGENCE PRECIPITATION

Statistical analysis provides one measure of heavy convergence precipi-
tation in California. 1In the areas of the state which are relatively free
from orographic effects and where precipitation is thus essentially conver-
gent, 24~hour point precipitation amounts with a 100-year return period are
of the order of 4 to 5 inches (4). Most of the largest observed 24-hour
amounts in such areas in the cool season during the last 100 years are in
this range and are contained in the list of convergence storms with orograph-
ic storm characteristics on figure 4-7 of HMR 36. Amounts are considerably
higher in two storms listed on figure 4-8 of HMR 36, at Sacramento in the
April 1880 storm and at San Francisco in the December 1866 storm.’

Features of the high 1ocal convergence pre01p1tation in these two storms
are explored in this section and the storms are compared with recent major
orographic storms in order to make the following points: First, the similar
onshore stagnation of Low centers localized 24-hour convergence;precipitation
.in the two storms to a greater extent than occurs during storms yielding ex-
-treme rainfall up to high elevations. Secondly, this behavior was, in turn,
associated with the storms’' similar offshore track from northwest (and lim-
ited moisture and high 1nstab111ty) This track is not typlcal of those,
storms listed on figure 4- 7 of HMR 36.

Warm-season storms with extreme convergence ralnfall intensity for shcrt
time xntervals are discussed in chapter VI.

2-D-1. The April 19-21, 1880 storm

This storm was severe over north-central California. The area with both
high intensity of precipitation and lengthy duration was smaller than in most
major storms and the snow level was lower. The unusually heavy convergence
rain in the storm, with 7.24 inches at Sacramento in 22 hours, is the feature
which is of greatest interest in relation to the synoptic history of the
storm.

The general storm. A composite map of Low center tracks (figure 2-3la)
and: seven sea-level pressure charts at 8-hour inter#als (figures 2-31b
through h) illustrate the storm sequence. Observation time is 0400, 1200 and
2000 PST except at stations where the pressure is enclosed in parenthesis,
where the times are 0700, 1400 and 2100 PST, respectively. Pressure change
and precipitation are since the previous observation Isallobaric centers
are shown as dashed lines. '

The storm under discussion was preceded by a less intense storm 2 to 3
days earlier. In both a Low reached California from the northwest. Pre-
sumably the second Low formed in or moved southeastward across the Gulf of
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Alaska in a manner similar to that of major High-latitude type storms. The
track of this Low was southeastward offshore to about the latitude of Cen-
tral California, then northeastward toward the Northern California coast on
the morning of the 20th (figure 2-31b) and inland southeast of Eureka by noon
(figure 2-31c¢). The frontal system was then approaching Sacramento and the
heavy precipitation period had begun there. Soon after the frontal passage
pressures began falling again. While the Low center continued to deepen
slowly, it moved southeastward during the afternoon and night to within 100
miles of Sacramento by 0400 PST of the 21st (figure 2-3le).

By this time the rain at Sacramento was becoming less intense. The Low
reversed direction toward northwest and surface pressures rose over all of
Northern California, rises which continued for two days as the Low filled
and was replaced by a weakening stationary trough near the coast (figures
2-31f through h). Meanwhile pressure rises in the San Joaquin Valley on the
21st were relatively small. This resulted in formation there of a weak Low
by noon (figure 2-31f) which moved slowly southeastward (figures 2-3lg and
h), causing showers over the southern third of California.

The Sacramento precipitation sequence. The mass curve of figure 2-32
is based on rain gage measurements together with descriptions of raim in-
tensity between measurements. The 1.99 inches (burst 1), 1200-1400 PST of
the 20th, was associated with passage of the frontal system. The heavy
rain periods, 1800-2000 PST (burst 2) and 2340-0200 PST (burst 3), are pre-
sumed to have been due largely to ageostrophic convergence (defined in
chapter 5~A-2) in a falling pressure field, indicated by both the isallo-
baric Low shown near Sacramento at 0400 PST on the 2lst in figure 2-3le and
the southeastward motion of the isobaric Low prior to this time. Local re-
lease of instability probably contributed much to the high 22-hour inten-
sity, although the nearest thunderstorm report in this period was at
Downieville, in the Sierras to the northeast. The accumulation from the
Ybursts'" or peaks in rain periods mentioned above and rain in the interim
wag 4.15 inches in 8 hours to 2000 PST and 2.20 inches in the following
8 hours. Rain ended at 1000 PST of the 2lst; light showers fell on the 22d.

Wind and moisture. Surface pressure gradients verify that winds were
strong on the 20th over Northern California and both there and over Central
California that night, weakening on the 21lst. Velocity reached 32 mph at
San Francisco and 40 mph at Red Bluff on the 20th. Because the initial off-
shore track of the Low was from a higher latitude, its moisture was quite
low. The 24-hour average dew point at San Francisco during the heavy rain
at Sacramento was only 50°F; it was 57°F during a comparable period in the
December 1955 storm when surface dew point probably underestimated precipi-
table water more than in this storm. The snow level at reporting stations
on the rail line from Sacramento to Reno across the northern Sierras, ini-
tially at 3500 feet, reached the 5700-foot level briefly on the morning of
the 2lst. At Blue Canyon (elevation 4700 feet) snow turned to rain for
13 hours. Extremely heavy snowfalls were reported from 5000 feet to the
Sierra pass at 7000 feet. In the December 1955 storm the snow level was
4 to 6 thousand feet higher. Hence the elevation of greatest orographic

rainfall was much lower in the 1880 than in the 1955 storm.
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- Precipitation and streamflow. Storm isohyets are shown in figure 2-33
in areas where data are available. In addition to the local center at Sacra-
mento, two areas of heavy rainfall attributable largely to orographic effects
are shown. One is in the northern Sierras, the only observations being at
about 2600 feet; the other is . in the coastal mountains north of San Francisco.

Table 2-9 compares 3-day rain at the few places that determine the above
two areas with 3-day rain at the same locations in the December 1955 storm.
The 1955 storm values are not much larger. But this table reflects orographic
rainfall at low elevations; at elevations above the average basin height in
the Sierras rainfall was inappreciable in the 1880 storm, the precipitation
nearly all falling as snow. (Because in the 1880 storm 3 days elapsed since
its predecessor compared to 1 day in the December 21-23, 1955 storm, 6-day
totals at stations in table 2-9 were much smaller in the 1880 storm.)

Table 2-9

COMPARISON OF 3-DAY PRECIPITATION (INCHES) IN THE APRIL 1880
AND DECEMBER 1955 STORMS

Northern Sierxra Foothills 1880 1955
Nevada City 11.42 12.50
Grass Valley 10.28 12.89

Coastal Hills north of San Francisco

St. Helena 8.88 9.08
Healdsburg ; 9.72 7.46
San Rafael 7.34 9.82

Streamflow reports indirectly verify reports of heavy rain at low ele-
vations in the storm area. Most of the smaller low-level streams from Chico
southward to beyond Merced in the Central Valley and all coastal streams from
Ukiah to Santa Cruz were full or flooding. (See figure 2-33 for station lo-
cations). Most serious flooding was on streams flowing south and east from
the coastal mountain area of high rainfall of figure 2-33. But main Sierra
streams draining higher levels were not very full because of the heavy snow
and low snow level in both this and the prior storm period. Reports of
Sierra streams disappearing as snowslides filled stream beds at higher ele-
vations indicate the effect of low temperature in reducing immediate runoff.

2<D-2. The December 18-21, 1866 storm

This storm is of interest because of its intensity over north-central
California and especially in San Francisco where 7.66 inches was measured in
20.5 hours on the 20th to 2lst. The hilly terrain there affected rainfall in-
tensity. Comparison with that at Sacramento -in the 1880 storm can be made
only after allowing for this effect, which adds about 30 percent to average
-monthly precipitation. (This has been done in figure 4-8 of HMR 36.)
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The general storm. As in many major storms, this storm occurred in two
periods with an interlude of almost a day, except less in mountain areas.
Like the April 1880 storm, the direction of approach of Lows offshore was
from the northwest, as shown in figure 2-34, with a sharp change in direction
near the coast.

The first Low approached the coast southeast of Point Arena on the night
of the 18th with a 1008-mb center which moved northward during the 19th and
filled rapidly. This track, determined from thrice-daily synoptic charts
(not shown), is verified by the ending of the brief period of heavy rain
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along the north coast shortly after time of beginning in the San Francisco
Bay region. The frontal system passed northeastward through the Bay region
about 0500 PST of the 20th with gales, heavy rain and scattered thunder-
storms, leaving as much as 4,28-inch 24-hour amounts.

The second Low also approached from northwest, as indicated by synoptic
maps and start of heavy rain on the north coast on the afternoon of the 19th.
It entered the coast southeast of Point Arena during the night of the 20th
with a 1006-mb center which moved northeastward then southeastward to a point
50 miles north of San Francisco during the morning of the 21lst before moving
rapidly northeastward during the afternoon and filling. Rain with this Low
was more widespread than with the previous Low; it lasted longer, fully two
days in the extreme north. The frontal system with this Low passed through
Central California on the evening of the 20th, preceded by southeast gales
and heavy rain, Thunderstorms occurred both ahead of and following the fromt,
as well as on the 21st.

The area of the storm was restricted, more than in most major storms, by
the nearly identical track of the two Lows. The centering of the Lows over
the coastal area resulted in winds less nearly normal to the Sierras than in
most major storms. But strength of surface geostrophic winds in the Bay re-
gion approached values in the December 1955 storm. Low temperatures re-
stricted rain at high elevations much more than in some major storms but less
than in the 1880 storm. Based on 1866 storm temperatures 2’ or 3°F higher,
the snow level is assumed to have been about 1000 feet higher than in the
1880 storm. The role of instability in this storm reduced differences be-
tween high- and low-elevation precipitation totals since it was released with
minimum orographic lifting.

Precipitation measurements were too sparse to permit drawing storm iso-
hyets. However, some idea of storm rainfall can be obtained through stream-
flow reports. Little flooding occurred with the first Low. Streams receded
following the break in the storm on the 19th. But on the night of the 20th
and on the following day very high flows were experienced following the sec-
ond Low on coastal streams from Healdsburg to Santa Cruz and low-level Central
Valley streams from Chico to Sacramento (see figure 2-33 for locations).
Several of these streams had flows higher than in the major storm of January
1862 (2). Also the Yuba, American and upper Sacramento Rivers approached
flocd stage briefly despite negligible runoff from high levels due to the low
snow level and prior snowpack.

Storm rainfall in San Francisco. §ix records of rainfall in San Fran-
cisco mutually substantiate the heavy rainfall there. They are shown as
estimated mass curves for the second rain period only, in figure 2-35, Their
shape is patterned after that of the most detailed curve (16th and Mission),
along with reported beginnings and endings and incremental amounts. Except
for the 16th and Mission location, all are along the waterfront on the north
edge of the city or in the Bay. Wide variation in rainfall totals between
stations only 1 or 2 miles apart is evidence of the large role of instability
and variation in its release by the hilly terrain. But the rather continuous
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nature of the 16th and Mission rainfall and the changing pressure pattern
indicate that ageostrophic convergence was alsc an important factor. It was
especially so during the most intense period of rain of the 20th when 2.27
inches fell in the 3 hours ending 1945 PST, an amount which compares with
highest 3-hour amount at Sacramento in the 1880 storm. It fell prior to and
during the frontal passage. Though no thunderstorms were reported in the
city at this time, they were reported in surrounding areas to the south,
east and northeast. On the 2lst only one thunderstorm was reported in the
city, briefly at the end of the rain period, although there were reports of
frequent thunder to the south.
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Information on San Francisco rainfall in figure 2-35 comes from obser-
vation forms, with the exception of the 16th and Mission curve which was
listed in the December 21, 1866 issue of the local newspaper, "The Evening
Bulletin', as follows:~~-

Date and Hour - Rainfall (Inches)
201145 - 201645 PST 1.97
201645 - 201945 PST 2.27
201945 - 202150 PST 0.85
202150 - 210100 PST - 1.20
210100 - 210815 PST 1.47
Total in 20.5 hours 7.76

2-D-3. The Avalon storm of QOctober 21, 1941

This storm is listed here because, like the prior storms, it involved
unusually heavy local precipitation in a general storm whose offshore track
was toward lower latitude. Unlike the other storms, heavy rain was less
clearly associated with a nearby surface Low than with release of instability,
in this case in a relatively much shorter interval. 35.53 inches of rain fell
in 3-1/2 hours at Avalon, on the southeast shore of Santa Catalina Island.
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The general storm. The storm took place during a prolonged shower peri-
od of 3 to 4 days' duration over the southern third of California. Storm
totals in Southern California averaged only 2 to 4 inches with much less over
the southeastern interior. They were not much larger in mountain than over
low-level areas, indicating little orographic effect.

The shower period developed as an upper cold Low formed over Northern
California and moved erratically southward from the 20th to the 23d, fol-
lowing passage of a weak cold front from northwest on the 19th. Positions
of the reflected surface Low are shown in figure 2-36.

Relatively cool air of limited moisture content at intermediate levels
in the storm is indicated by the report of a trace of snow at Sandberg (ele-
vation 4500 feet) with a temperature of 36°F on the morning of the 2lst.
Evidence of instability is found in reports of hail at Lake Arrowhead and
Avalon on the 20th and of scattered thunderstorms on the 22d. The offshore
water temperature (normal for the date, 63°F) contributed to instability.

The local storm. Rainfall at Avalon, centered on the morning of the
21st, was as follows:

Date and Hour Rainfall (Inches)
210300 - 210700 PST .68
210700 - 211030 PST ' 5.53
211030 - 220700 PST 1.22
220700 -~ 230700 PST .26
230700 - 240700 PST .18

It is likely that a thunderstorm occurred during the heavy rain, al-
though this is not confirmed. At this time the Low was west of Santa Maria,.
Surface winds near the Southern California coast were light southeasterly.
Rain did not occur along the coast until later,

Surface dew point during the heavy rain is believed to have been about
54°F. (This estimate is 1°F lower than the minimum temperature, which prob-
ably occurred during the heavy rain. It is 3°F higher than the concurrent
Sandberg reduced temperature and is equal to highest dew point during the
day at San Diego and Los Angeles.) A 54°F dew point gives an extremely high
3.5-hour P/M ratio of 5.4. P/M ratio is an index of convergence as discussed
in chapter 5-D.
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Chapter III

MOISTURE TRANSPORT AND ITS COMPONENTS

Major precipitation storms at middle latitudes must be supported for the
duration of the storms by a strong transport of moisture from a warm ocean
region, This chapter will describe the manner in which moisture is trans-
ported from the source regions to the California coast, and will deal with
the synoptic aspects of windflow and of atmospheric moisture, and of their
combination into moisture transport. Illustrations are given from recent
major storms.

3-A. WIND

Certain preferred directions as well as moderate or high speeds at low
levels are characteristic of winds approaching the coast in major storms.
These are conditions requisite to a deep moist flow from a low-latitude
source region.

Discussion of wind is partly in terms of the geostrophic value over the
coastal waters rather than the actual velocity since many of the facts about
moisture transport can be ascertained from conventional weather maps on which
isobars (or contours of equal height) are the most prominent feature. In a
shaliow layer near the coast the actual wind direction is essentially paral-
lel to the coast regardless of the geostrophic direction, but the sea-level
isobars indicate the predominant flow both over the open sea at all levels
and at the coast above the surface layer of greatest friction and mountain
impedance. Other departures of the wind from geostrophic, which are impor-
tant for several reasons, will be discussed in chapters IV and V.

3-A-1., Wind direction

The most effective geostrophic inflow wind direction for moisture trans-
port at the coast and offshore is southwest. In some of the most persistent
and intense storms the southwesterly current extends for as much as two
thousand miles, providing a direct transport from source region of air in
which dew points may exceed the ocean surface water temperature at the coast
by 10°F or more (3-B~3). December sea-surface temperatures are shown in fig-
ure 3~1. A flow directly from the south is usually less favorable for mois-
ture transport than from southwest because this air has likely undergone
subsidence or is of recent continental origim. On the other hand, the more
westerly the flow approaching the coast, the greater likelihood that the
air is of recent polar origin which will contain less moisture than polar
air with a longer trajectory at lower latitudes.

There is some variation of direction of the axis of moist coastal in-
flow with storm type. The Low-latitude type most favors an effective south-
westerly flow from a distant source region as pointed out in chapter II. A
south-southwest direction is more typical of the Southerly Mid-latitude type
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in which occluding waves move northward off the coast, and of High-latitude
type storms in which a persistent offshore trough has a north-south orien-
tation. Relatively dry air from a westerly direction is particularly noted
in Westerly Mid-latitude type storms, especially in weak ridges between in-
dividual occluding systems. In some Low-latitude type major storms a wester-
ly direction agppears temporarily at the coast without seriocusly restricting
moisture, when deep Lows penetrate the northern plateau. Here the track of
the moist flow is from a low latitude but turns anticyclonically and becomes
westerly near the coast.

Variation with height., A feature of geostrophic wind direction near the
coast in major storms is its relative constancy with height. Thus it is
possible to discuss inflow wind direction without close specification of the
level. Variation in wind direction with height is least during the main part
of a major storm. There is a broad area of warm air in which the thermal
wind is weak or tends to be oriented parallel to the surface geostrophic
wind, What variation in direction does occur is usually a veering with
height early in the storm in association with warm air advection at lower
levels and a backing with height near the end of the storm as low-level cold
air advection begins. This backing with height is often reduced to a minimum
by persistence of a low-level trough offshore. This generalization of wind
direction variation applies both to individual trough or wave passages and to
the total storm period.
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Height variation of wind direction is illustrated for the December 1955’
storm by actual winds at various levels at Oakland in figure 3-2. Least
variation is near time of heavy rain and high low-level windspeed.

3-A-2. Windspeed

Except for lowest layers subject to turning of wind by friction and ter-
rain, high windspeeds at the coast, oriented more or less normal to the main
California mountain barriers, are characteristic of major storms. This is
seen in the strong onshore winds during heavy rain periods at Oakland in the
December 1955 storm (figure 3-2). It is seen also with respect to the on-
shore component of the geostrophic wind over a broad sector of the coast
several hundred miles in width in figures 3-3a to e. (In these figures are
plotted average geostrophic wind normal to the coast, integrated from surface
to 500 mbs and expressed as an average windspeed. Values are shown for the
segments Oakland to Brookings and from Santa Maria to Oakland in the January-
February 1945 and December 1955 storms and from Santa Maria to Oakland in the
November 1950 storm. Also plotted are 6-hour amounts of rain at representa-
tive downwind Central Valley stations relatively free from orographic ef~
fects.) Average values of 40 mph and over are characteristic of the main
parts of these storms, as indicated by the rain sequence,

To insure highest moisture content it is necessary that a strong coastal
flow start offshore to the southwest at low latitudes, The extent to which
this condition is met depends, in part, on storm type. It is more nearly met
in Low-latitude and Mid~-latitude type storms than in a High~latitude type
storm, although at the latitude of Southern California the distinction is
less marked than in Northern California. This is illustrated by comparison
of the offshore flow in the three storms in which highest known surface geo-
strophic winds over California occurred (figure 5-17, HMR 36). Highest val-
ues for most distances across the stream and most durations occurred in the
January 1943 storm. But because in this storm, as in other High~latitude
type storms, the Lows became deep only as they approached the coast, it less
nearly meets the requirements of a favorable wind sequence than do the De-
cember 1955 and January-February 1945 storms, with somewhat lower coastal
gradients but with a strong flow offshore from low latitudes,

a., Variation with latitude and season. Trends in highest observed geo-
strophic and actual winds in storms are indicative of tremds in windspeed in
the average major storm, with respect to both latitude and season. Examples
of trends in highest observed winds are cited below.

A latitudinal wvariation in high windspeed is shown in figure 5-32,
HMR 36, (The surface wind relation is based on highest yearly surface geo-
strophic wind for 15 Januarys between coastal stations; the upper-air re-
lation is based on a 5-year average of maximum annual observed southwest
winds at Medford, Oakland, Santa Maria and Long Beach). Figure 5-32 indi-~
cates a decrease in maximum winds south of San Francisco (38N). At the
surface it amounts to about 15 percent at the latitude of Los Angeles (34N)
and 25 percent at the latitude of San Diego (33N). Aloft, the percentage
of decrease becomes smaller with height to about half at 500 mbs.
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An indication of the seasonal variation of winds in major storms can be
obtained from seasonal trends in maximum monthly wind data, as shown in fig-
ure 5-37, HMR 36. (Here, seasonal trends in surface winds are based on max~-
imum monthly values of instantaneous surface geostrophic wind Eureka to San
Francisco and San Francisco to San Luis Obispo, and of 5-minute, 6-hour, and
24-hour average actual wind at those stations for a 22-year period. Upper-
air trends are based on a 5~-year average of maximum monthly actual winds at
Seattle, Medford, Oakland and Long Beach). Figure 5-37 shows highest values
between mid-January and mid-February. There is a 16 percent reduction at the
surface from mid-February to April 1 which decreases aloft to 8 percent at
500 mbs. A similar reduction is shown from mid-January to December 1 and
from December 1 to mid~-October.

b. Windspeed variation with height. A characteristic of windspeeds in
the main storm area of a major storm is that when they are highest (averaged
through height) there is then least variation of speed with height. This is
seen in figure 3~2 at Oakland during the December 1955 storm. Variation of
actual windspeed with height was least during the periods of high wind and
heavy rain on the morning of the 19th, and again from the evening. of the
2lst to the morning of the 23d.

. This relation is also seen to some extent in geostrophic wind normal to
the coast during recent storms where thermal wind represents height variation
of windspeed in figures 3-3a to 3-3e. In most cases thermal wind was least
at times when the average 1000-500 mb windspeed {and necessarily the surface
wind) was high. 1In table 3-1 it is noted that times of occurrence of low
thermal wind and high average wind coincide in 3 of the 5 cases of figures
3-3a to 3-3e and are 12 hours apart in another, '

Table 3-1

DATE/TIME OF PEAK VALUES OF 1000-500 MB MOISTURE TRANSPORT {?ST)
PARAMETERS IN 3 STORMS

Highest Highest =  Highest Lowest
Storm : Sector Moisture Avg. Wind M. T.% Thermal Wind
Dec. 1955 OAK-BKS 211900 2119800 211900 . 211900
Dec. 1953 : TZM~-0AK - 220700 230700. 221900 ’ 221900
Nov. 1950 TZM-0AK 181300 181300 181300 181300

- 301900 ' ' '
Jan, -Feb., 1945 QAK~BKS - 010100 011900 011900 010700
Jan. ~-Feb. 1945 TZM-0AK 011900 011900 011900 © 011900

0AK~Oakland; TZM-Santa Maria; BKS-Brookings.
*M. T. - Moisture transport.

Increase in windspeed with height is a function of location with respect
to the storm, as seen in table 3-2..
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This table demonstrates the smaller increase of wind with height in the warm
flow in the southern part of a storm compared to that in the area of higher
north-south temperature gradient on the northern side.

Table 3-2
AVERAGE 1000-MB GEOSTROPHIC AND 1000-500 MB THERMAL WINDSPEED IN STORMS (MPH)

Qakland~Brookings Santa Maria - Oakland

Storm Date/Time (PST) 1000-mb Thermal 1000-mb Thermal
Dec. 1955 210700 - 231900 24 56 35 : 42
Nov. 1950 1719060 - 201900 11 59 35 V 26
Jan, -Feb, ' ; ' : o
1945 300700 - 020700 29 20 42 13

Average thermal wind values of the Oakland-Brookings sector averaged con-
-siderably higher than corresponding values Santa Maria to Oakland in these

3 storms. Some increase in thermal wind with latitude across the storm area
is probably typical of all major storms.

The average variation in geostrophic windspeed with height from Santa
Maria to Oakland during the 1955, 1950 and 1945 storms is shown in figure 3-4
as an eye-fitted regression of 500-mb wind on surface wind, (This area was-
chosen because of higher average moisture flow and stronger surface wind in
each of the 3 storms than in Northern California.) The relation indicates
decreasing thermal wind, toward zero, with increasing surface wind,

- The wide variation in thermal wind with area and time in a storm se-
quence and between storms, as suggested by data in figure 3-4 and table 3- 2,
. precludes generalization of the variation of geostrophlc wind with height in
a major storm beyond that stated above. :

Effects of terrain on wind-height relations are discussed in Chapter IV.

3-A-3., Svnoptic bases'for favorable wind in storm types

A wind sequence which is favorable for sustained heavy precipitation
from the standpoint of orientation, strength and duration of the wind is
dependent on synoptic features which are peculiar to storm type., In the Low-
latitude storm type, permanence of position and strength of the Central
Pacific blocking High and Gulf of Alaska Low.favors stability of position of
strong onshore winds at the coast. In most Mid-latitude type storms the
semi-stationary Low offshore is necessary to permit successive storm centers,
with their broad area of strong winds, to approach the coast at intervals
frequent enough to maintain continuously strong southwest winds. Presence of
~ the continental blocking High contributes to the maintenance of the main off-
shore Low and stability of orientation of the coastal flow. In the High-
latitude type storm the wind strength depends on deepening of Lows near the
coast, and constancy of direction depends on stagnation there.
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3-A-4. Moisture restriction on optimum windflow

A thermal wind component of large magnitude coincident with and parallel
to an optimum surface geostrophic wind assures optimum flow. But this con-
dition was found to be incompatible with high values of moisture in recent
major storms. In each instance in table 3-1, least thermal wind occurred at
the coast near time of high moisture (as well as high convergence precipi=-
tation). Thus high surface wind and small increase with height would charac-
terize optimum moisture flow.

3-B, MOISTURE

The amount of moisture in air reaching the coast in a major storm de-
pends on what parts of the Pacific Ocean the air originates from and passes
over and the absence or presence of convergence to destabilize the lapse
rate, The moisture source varies with storm type. Sea~surface cooling en-
route from source region tends to reduce moisture in lower levels, but does
not greatly diminish the total in a2 column., The latitudinal and seasonal
variation of moisture is opposite to that of wind,

3-B~1. Dependence on source region and storm type

In table 3-3 are listed highest 12-hour average coastal 1000-mb dew
points in storms grouped by moisture source region and storm type, from most
favorable to least favorable for high moisture. In three storms, for which
upper -air data are available, the 1000-mb dew point equivalent to the ob-
served precipitable water was substituted for the reported sea-level dew
point, as more representative. (By "equivalent dew point' is meant the dew
point that would prevail if the air were saturated, had a moist adiabatic
lapse rate of temperature, and contained a specified precipitable water in a
column). Also listed in the table are dew point values adjusted to February
by use of figures 4-la to d, HMR 36,

The effect of storm type and source region on storm moisture potential
at the coast in the four groups of table 3-3 are discussed briefly in the
following four paragraphs in the same order as listed in the table.

Tropical air reaches the coast most readily in Low-latitude type storms
when the eastern Pacific High cell is displaced eastward close to the coast
of Baja California, permitting a long flow trajectory from near the Hawaiian
Islands to the California coast (Nov. 1950 and Dec. 1955). If the eastern
Pacific High is absent and a north-south ridge persists over western North
America, tropical air may reach California from a low latitude along a
shorter, more nearly south-north trajectory, as in a Southerly Mid-latitude
type storm (Dec. 1937).

Although a polar source region in the central or western Pacific is the
origin of air in Southwesterly Mid-latitude type storms, heating to high
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VARIATION OF HIGHEST 12-HOUR AVERAGE 1000-MB DEW POINT WITH STORM
TYPE AND MOISTURE SOURCE

1000-Mb Dew Point

Adjusted
Date Storm Type Location Actual to Feb. Type of Air
11/19/50 Low-latitude Monterey 62% 60 Tropical
12/22/55 Low-latitude San Francisco 61% 60 Tropical
12/10/37 Mid-latitude
Southerly San Francisco 63 61 Tropical
12/11/37 Mid-latitude A
Southerly Los Angeles 62 60 Tropical
2/1/45 Mid-latitude
Southwesterly San Francisco 57% 57 Well-modified
Polar
2/27/40 Mid-latitude
Southwesterly San Francisco 57 57 Polar
3/2/28 Mid-latitude
Southwesterly Los Angeles 59 59 Polar
1/22/43 High-latitude with Los Angeles 57 57
Mid-latitude break-
thru ~ ,
1/21/43 (Same storm) San Francisco 54 54 Polar
12/20/21 High-latitude (trough
offshore) Los Angeles 58 57 Polar
1/17/16 High-latitude (trough
offshore) Los Angeles 57 57 Polar
4/20/1880 High-latitude (Low
directly onshore) San Francisco 50 50 Recent Polar
12/20/1866 High-latitude (Low
directly onshore San Francisco 53 52 Recent Polar
1/27/16 High-latitude (Low
' directly onshore Los Angeles 53 53 Recent Polar
4/2/58 Mid-latitude
Westerly San Francisco 49 49 Recent Polar
*1000-mb equivalent dew point based on upper-air data. See text.
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levels enroute to the coast at low latitudes may provide a moisture supply,
before return to higher latitudes at the coast, not wuch less that that of
tropical air.

In High-latitude type storms in which the block is penetrated by storm
centers from the west (Jan. 1943), modified polar air reaches the coast from
a considerable distance to the southwest with moisture not much less than in
some Southwesterly Mid~latitude type storms. Also in High-latitude type
storms in which the Low, following southward movement offshore, recurves to-
ward north or northeast before entering the coast (Dec. 20, 1921) or remains
stationary over Northern California (Jan. 17, 1916) so as to allow a north-
south trough to stagnate off the Southern California coast, there is oppor-
tunity for a prolonged flow of increasingly moist air from a fairly low lati-
tude into Southern California from south-southwest.

In those High~latitude type storms where Lows moving south-goutheastward
enter rather directly into California with little offshore recurvature, air
reaches the coast after having little opportunity for heating at a lower lat-
itude (storms in group 4, table 3-3), This so limits moisture in Northern
California that heavy rainfall occurs mainly in low elevation areas and lo-
cally as instability precipitation. At higher elevations, the precipitation
is largely snow.

3-B-2. Latitudinal variation

The latitudinal variation. in moisture between storms is similar to that
of highest observed 1000-mb dew points over California, as presented in fig-
ures 4-5a and b of HMR 36, The maps show an increase in dew point values
southward over Northern California, with a fairly large gradient in winter
months; but over Central and Southern California dew point lines tend to par-
allel the coast with only a slight increase in values southward, particularly
in winter,

The small latitudinal variation south of San Francisco is related to the
fact that Low-latitude type storms, infrequent in Southern California, and
Southerly Mid-latitude type storms tend to bring equally high moisture to
Central California as to Southern California, from about the same source re-
gion., Another factor may be the nearness of Southern California to the cool-
season area of subsidence dryness near the coast at low latitude.

3-B-3, Séasonal trend

Highest observed moisture in major storms decreases from October to Jan-
uary and rises only slightly toward spring. This is indicated in the fol-
lowing table of highest observed 1000-mb dew points converted to precipitable
© water, assuming saturation and expressed as percent of February, from data
in figure 4-6 of HMR 36,

Oct, Nov. Dec. Jan. Feb. Mar, Apr.
121 111 106 101 100 102 104
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Comparison of seasonal variation of monthly highest 1000-mb dew points
at San Francisco (from figures 4-5a and b of HMR 36) with monthly normal air
and sea-surface temperatures (5) (6) at San Francisco is shown in table 3-4.
The seasonal range (from October to April) of highest dew point is only 3°F
compared to that of normal temperature (l1°F) and of water temperature (8°F).

Table 3-4

SEASONAL VARIATION OF NORMAL AIR AND WATER TEMPERATURE AND OF HIGHEST
1000-MB DEW POINT AT SAN FRANCISCO (°F)

Oct. Nov. Dec. Jan. Feb. Mar. Apr,

Normal Air temperature 61.0 57.2 56.7 50.1 53.0 . 54.9 55.7
Normal water temperature 59.1 55.8 52,7 50.8 51.7 53.4 54.5
Highest 1000-mb dew point 64.4 63.4 62.7 61.6 61.5 61.5 61.7

The lack of a seasonal rise in highest dew point compared to normal air and
water temperatures during spring months is, in part, associated with the ab-
sence (in the period of record) of spring major storms of the type which in-

volve as strong south-north moisture advection near the coast as in earlier
months.

3-B~4, Moisture distribution in the vertical

Saturation at upper levels is usually accompanied by near saturation
in lower levels, except perhaps at the outset of the storm sequence. Lack
of saturation at upper levels occurs at times in a major storm in air with
a rather direct flow from a high-moisture source region. This is character-
istic of periods of divergence during lulls in a storm as illustrated below.

In figure 3-5 are plotted 12-hourly values of precipitable water (W )
at Oakland by 200-mb layers during the December 1955 storm; both actual P
values and values if the air had been saturated are shown. Near saturation,
except at very high levels, occurred at Oakland when total W_ was highest
during the heavy precipitation periods on the morning of theplgth, and again
on and following the night of the 2lst. Dry air is noted in all but low
levels in the lull of the storm around the 20th. Dry air appeared at uppex
levels on the morning of the 23d following heavy rain, lack of saturation
accounting for a reduction of about 20 percent from total possible WP.

Effect of sea-surface cooling on lower layers is not important in re-
ducing total moisture in the column.

3-B-5. Effect of sea-surface cooling on 1000-mb dew point

Sea-surface cooling may appreciably reduce temperature and moisture
in lowest layers. It is usually a factor in those cases where 1000-mb dew
point at the coast considerably underestimates total moisture. Amount of



86

o

RAIN (IN.)
O
(&

o

I N A M
| 6-HOUR RAIN N
Thine  dh

b T

"EET‘M

i Mwﬁ&«if ’
1000-800 MB | | o,

o~ SATURATION
—1’/
I \E N
7 19 07 19 O7

L~ “~ ACTUAL
/18 /9 20 27 2z 23 24
DATE AND HOUR (PST)

o
£

o
o

O

o
»

|

~ 800 600 MB
| ” l

W

O
D
|
\

/

o
o
|

Lokl L L LD

O

(e}

PRECIPITABLE WATER (IN.)
o
©

AN

/ ~|

/

o o
D 4]
|

O
N
T T 77

Ll Ll b Ll Ll L L L)

VTSI TEIIIIID.
{

ol L il L L]

DOOE OIS

O

©
o
-.\j
©
©
o
-\‘
o

Fig. 3-5. PRECIPITABLE WATER BY LAYERS, OAKLAND. DECEMBER 18-24, 1955



87

underestimation in the 1955, 1950 and 1945 storms at Oakland and Santa
Maria is indicated in figure 3-6. Values of equivalent 1000-mb dew points
are plotted against observed 1000-mb dew points. (The amount of useful
data