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FOREWORD

1. Ina letter dated May 21, 1941, the U. 8. Engineer Department,
Corﬁs of Engineers, requested that "upen cempletion of fhé basin studies
to determine limiting precipitation rates and anW'melt conditions for -
the tributary areas above Pittsburgh, Ta., . . . the Hy&romeﬁeorological‘
Section tn&ertake similar studies for the Sacramento River Baéin,
California." Work on the new assignment was begun about August 1, 1941,

2 ?rgliminary investigatiéns by the U. S;;EnginQET D@pértmenﬁ
- had identified nine critical storms ofrrécord, from the viewpoint of
runoff, Under a cooperative plan the detailed rainfall analysis was
prepared by the Sacramento District for fivs'of thege storms; by the San
Francisco Digstrict fof one, ‘and by the Hydrometeonological Sectién fer
three.,

3. This report on the Sacramento Basin follows the publication
of two previous reports, now %o be.given wider distribution, in which
certain fundamental hydrcmetecrological technigques wer@‘employed and
%heir theoreticél bases developed. These reports (No. L and 2,
respecﬁively)“are "Maximum Tossible ?recipitation;over the Qmpompagocsuc
Basin\above Union Village, Vermont," originally iSsued’Earch 18; 1940,
and "Maximum Fossible Precipitation over the Chic River Basin above

Pittsburgh, Pennsylvania," originally issued June 16, 1941, both reports
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prepared By ﬁhe'Hydrometeorological Section in cooperation with the U, S.
Engineer Department. »In the current report many references are made to
kmaterial developed in the previous reports, which will be called the
Ompompanoosuc Report and the Pittsburgh Report, respectively.

4.  The report presents, in a logicalxsequence, the facts and the
methods that are the basis for the derivation of the maximum possible
storm over fhe SaCramento Basin, The arrangement-of details differs
slightly from previous reports. The physical characteristicskof the‘

basin are briefly discussed in Chapter I. In treating the climatology of
the region a new approach was préferred which Justifies the title of
Chapter II, "Dynamic Climatoldgy;” The usual citation 6f the averages
and extremeé_of meteorological elements wés found to be an inadé@ugte
despriptionfof the climate of so topographically complex & basin,
Fyrthermore, it was Telt that, for the purposes of the report, a clarifi-
-cation Qf the ?osition of the basin- in the general circulation of the
atmosphere would lay the proper foundation for the méteOrological de—
scription of the major storms. It follows, then, that there 1s more than
the usual amount of "meteorology!" in the chapter on the climatology, bub
it is obvious that there can be no sharp demarcation between the two
sciences. WNaturally, also, the vertical distribution of the climatic
elements is stressed.

5. The special methods of rainfall analysis used in this reﬁort
are explained in Chapter III, with paitioular emphases on the use of the
normal seasonal precipitation map developed by the Sacramento Engineer °
Digtrict and the subdivision of the region into zones of similar rainfall

character. In the next chapter the flood record of the Sacramento Talley
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is examined exhaustively and tables are presented which make the flocds
comparable on the basis of repfesentative percentages of normal seasonal
precipiﬁétion for specific subdiviéions 5f the basin.

6. As a préliminary to the synoptic analyses of the major storms
in Chapter V, the Sacramento "storm type' is defined and the use of the
normal seasonal precipitaﬁion as the basic distribution péttern meteorc—
logically justified. Th% majo: storms are found to fank in the same
ordef both in c¢yclonic intensity and f2-hour maximum depth of rainfall,

_Because of their historical importance; a short analytical descripticg‘k
of the January 1862 stérms is inclﬁded,ralthpugh the data are scant..

7. In Chapter VI on "Maximum Possible Precipitation" the com-
putation methods developed in previous repbrts, particularly the Pitts-
burgh~R§port, are further refined for use on 2 basin with high érographic
bcundaries, Three types of orcgraphic‘precipitation are defined'and it
is shdwnkthat one combination of types wQﬁld be most critical for fhe
Sacramento. After development of the basin constants for various direcs
tions of inflow, the formula for the computation of maximum precipitaticn
is derived. At this point the validity of the formuia is testéd by
ccmparison of’the intensities of’rainfall’in each major storm, as com-—
puted‘from the rainfall data and as cémputed from theyformula<using the
actual wind aﬁdvdew points observed in the storm. It should be'.pointed
out that the cémpuﬁations were made iﬁdependently of each other, and were
made, in fact, in order to derive‘a correction coefficient to be applied
to the formula. The agreement is good enough, however,bto justify the‘
use of the formula without a coefficient, It is necessary oniy‘to\findi

the maximum possible values offwindkand dew poiht¢j~Thisyis done before
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the maximum poésible ?recipitation is computéd;

’8.‘ In Chapter vII the snow melt factors are évaluated,‘the basin
consiants ﬁodifying the,theoretical'formula'deﬁermined, and the most
critical'ahtece&ent,distrib&ﬁion of snow cover justified from past

»?ecofds. Iﬁ ﬁhe final ohapter, tﬁekvalues obtainéd‘in the prévious two
‘are\sﬁmmed an@ the distributién of increments in area and ﬁimé réétricted'
by meteorqlogical considerations.' The results are/the maximum poééible'
storms’for the basin as a wﬁole and for the assigﬁed tfibutary b%éins as
‘inﬁivi&uélso
;9' Thé glossary, which follows the last chapter, inclades‘no
»terms that are notjgse&,within the report, | Since its,reéders wili
“include hydrologists;,engineers'and meteorqlogists, it was felt that a
worthy purpose‘woﬁld be served in acquainting oné group(with thé.tefmi— ‘
nology §f the‘other. 7
‘lG, A bibliography is ad&edaéd this report on acconnt'pf:the
extraordinary wealtiyof ﬁatérial available for the regionQ bThe
lisé:includes, of coufse,lall,the works, general ér gpecific, to
which refefence is mede in ﬁhe\téxt of the report, The textual
references‘are indicatéd by underlinéd numbers enclosed withiﬁ )
parentheses. iinAadditiop, it was decided to include within the
5ibliogra§hy selected material which héslspecific bearing on the
‘ Saéramehto Basin; |

11. Por facility in readiﬁg, all the figufes appear withiﬁ the‘

texm‘of bhe repor%, ;xcept that all synoptic c@axts (teferre&:to in
\“Ghapter 7) are relegated to the Appendix. |

12. BReports prepared by the Division and District Offices of the
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>U.kS. Engineer Depértmeﬁﬁ, contaiﬁingrprgcipitatisn daté, isohyefal map;,
and mass réinfall curves for a large number of majdr storms have forﬁe& a
“broad @aéis for the study of storm patternskan& precipitatioﬁ characﬂer-
istiés. In ad&iﬁién to published records, such reporté inclnde all
precipitation data and miscellaneous information on storms obtainable
~from the manuscfipts of griginal records, files éf municipal agehcies;
ne&spapers, téstimony of'witﬁesses, and similar sources. Data assembled
an@’organizsd‘by the Engineer Offices are reviewed by the Hydrometeorc—
logical Section and are supplemernted by meteorologioal analyées. There
has been profitable collaboraticn with representatives of the Office of
"Ghief of Engineers and with personnel visiting the Secticn from Distfict 
and Division Offices of the Engineer Départmenﬁ. The followihg membefs
of the Hydrometeorological Séction cbﬁtributed to the preparation of the
final report:‘

Collaborators

. K, Showalter, Meteorclogist in Chargs
Light, Assistant Hydrologic BEngineer
. Woo, Assistent Hydrologic Engineer

N. Brancato, Assistant HMeteorologist

R, Jones, Assistant Meteorologist .

. Shands, Assistant Meteorologiet

. Solo%t, -Assistant Meteorologist

. Stevlingson, Assistant Meteorologist
. Gold, Junior Meteorologist

. Rosenthal, Junior Meteorologist

.

-

- *

-

G- wmbbgaatd
b S b

Consultants
Merrill Bernard, Principal HydrologiSt
H. C. 8. Thom, Associate Hydrologic Enginser
W. T. Wilson, Assistant Hydrologic Engineer

The above were ablyraséisted by the sub-professional and clerical staff.
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CJAPTER I

PHYSICAL CHARACTERISTICS

13, Location. The Sacrgmento River Basin occupiés the’northern
third of the Great Central Valley of California, lying between the Coast
Range on the west and the Sierra Nevadas on the east.  Figure 1 shows
the lbcatidn of4bhe basin and outlines the tributary basins assigned for

study. These tribubary basins, as well as the total basin, are lisgted

below:
Basin | Above o Area (Sq. Mi.)
Sacramentc ; ‘étony Creek 11,500
Stony Creek - Orland o 772
Yuﬁa : | Marysville o 1,330
Feather Oroville ) 3, 6140
American Falr Oaks | | 1,921
Sacramento Latituderof Sacraménto o 25,200

It should be noted that for the purposes’of thig report the Goose Lake
Bagin in the up$er:Sacramen$o region is excluded from the total basin
area although Goose Lake has been known to flow into the Pit River.

14, Topography. Except for o narrow gep in the Coast Range
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through which the San Joaguin and Sacramenﬁo Bivers £low ihtokthe‘Pacifié.
Ocean,.the Great Centrai Valieykis completely énclose& by mduntéin 2
rahges. fhe-féhachapi Mounﬁainé, forming ﬁhe sduthefn limits erthe‘
‘valley, cénﬁecf the Géaét‘and‘Sierra Wevada Réﬁges. The latter, forming
rss@e¢tively the western aﬁd eastern borders, cdnverge in the north‘to
'cbmplete the mbﬁntainous ciréﬁitkthrough the Klamath Mountains (includiﬁg
the Trinity;group), Mt, Shaste, the upper Pit Riveryﬁlateaﬁ a@d ths Warner
Raﬁge; Figure 2 shows the location of profiles, plotted in Figﬁrestj’ani

4, of the mountains gurrounding the Grsab Central Valley.‘ It should be

' noted .that both prb~
OREGON RO 7

) l24"° 123° 122° §2.l° 120° 119° 18 wze ' tie® . . K
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Stream profiles of the Sacramento River System

Z‘%he north, VIt’is 150 miles\long, tapering from an approximate,SOfmile
w1dth at Sacramento to about a 20-mile w1dth‘at Redding. | The'étream
pyoflles are very steep in the mountaznous areas an& flatten abruptly on

kAreachingvthe valley floor, as shown in’Figure Ba

~ 15. TVegetative Cover. The native vegetative cover in the basin is

¢

roughly distributedvas follows: .

a. Marsh grasslan& 20 miles wide, in the va17ey from Sacra—
mento to Marygv1lle - :

b Bcuﬁdlng the marsh grass; in a large U—shapé opeh at the
south, bunch grass —-—- over-all width 60 miles and etteﬁdr
ing 150 miles north from Sacramento, :

¢. On the periphery of the U-shaped area a strip'of bhaparral,
10 to 30 miles in width, widest on the east.

d. Wext.a concentric band of Western Plne forest, 20 to Uo
miles wide.

e, A region of desert shrub in the upper Pit?plateau}

-~ 10 -




f. Surrounding this desert shrub, a strip of coniférous~
woodland. ' : '

2, Western Pine forest at higher elavations inUthe north—
sasbern portion of the basin,

Except in thé U@per Feather and Pit Basins, the éreé above 2,500 feet is
occupled by dense forest. Below that elevation, excluding the Valley
floor, the region may be designated as open-forested area and woodland,
On the whole, forest density increagses with elevation through the zone of

maximum precipitation which is roughly between 4,000 and 6,000 feet (45).

16. Hydrologic Features. The Sacramento River Basin is probably
unigue among basiné of its sigze in its varied hydrologic ohéracteristios
and in its hy&rauiio structures built to;control floods. Only[a brief
description of these featureévwill be presented. For more extensive
treatment of the subject the reader is referre&Ato a paper by Otto H,
Meyer (66). | |

17. The main tributary streams of the Sacramento River have their
Yeadwaters in the high mountains of the Sierra Nevada and the Coast Rangg.
These streems concentrate their flood flows ra?idly and deliver large
volumes of water to the main channel of the Sacramento River which flows "
throﬁ%h the comparatively flat valley bottvom, A system of levees and
bypasses has been cénstruﬁted to protect the natural overflow land’along
the lower reaches of the stream, snd several weirsvaré situated at
strategic points to~divert water during flood periods from the Sacfamenfo
River into the two main by@ass channels, Sutter and Yolo.

18, YNumerous storage reservoirs for flood control, irrigation,
power, navigation, ete., serve to regulate floecd runéff. During the

December 1937 flood 480,000 acre-feet, or 15% of the total runoff, was

- 11l -




stored in this manner (@5}. The completion of Shasta Dam on the Sacra-

mento Biver near Kennett will add 4,500,000 acre-feet to the total

artificial storage capacity in the basin. In terms of averagéxdepth over

ares ﬁhisfsignifies a potential storage of 12.8 inches for the basgin

above Shasta Dam and 3.1 inches for the entire basin area.

19. Major inflows into the Sacramento River are contributed by

the Upper Sacramentc River in the northern portion of the basgin, by the

Feather, Yuba, Bear, and American River Basins of the Sierra Nevada sec—
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tion in the east, and

by the Stony Creek and

Cache Creek drainages of

the Coasgt Range in the
west. Critical areas
from the hydrologic
standpointHcan therefore

be outlined from the

-above considerations %o

form a bagis for the

assembly of flood ffows

“at Sacramento, To

facilitate the analysis

of storm rainfall, as

explained in Ohapﬁer III,

the bagin was further

subdivided, These gub-

' divisions are shown in



Figure 6 and defined in the following table:

Zone A

ZonelB

ZQnekOl
Zone Co
Zoné D,
Zone D
Zone E
Zone F
Zone G
Zone‘H

(‘Zone J

Zone Ky

Zone K2

Zone L

Zone L

Zone M

Zone N

Zone‘P

TABLE 1
IDENTIFICATION OF ZONES

Area of Cache Creek Basin above the 1000-foot Level

Lower Sacramento Valley below 1000 feet

Area of Yuba River Basin above Spaulding Dam
Area of Bear River Basin above 1000 feet
American Rlver Basin above 2000 feet

Amerlcan Rlver Ba31n at Falr Oaks below EOOO feeb
Stony Creek Basin ab Orland

Areg of Butte Creék Basin abové 1000 feet
Lowervporﬁion of\Feather Rivef Bagin a£ Orﬁ?ille
Tubs, Rivér Basin at‘ﬁérysville

Upper portion of Feather River Basin

Eastern slope of Coast Range above 1000 feet in

Sacramento Basin above Sacramento River gaging
statlon near Red Bluff

Easternkslope of Coast Range above 1000 feet in
- Bacramento Basin between Bacrsmento River gaging
station near Red Bluff and Stony Creek

Upper Sacramenﬁo Valley below 1000 feet above
Sacramento River gaging station near Red Bluff

s

Upper Sacramento Valley below 1000 feet between
Sacramento River gagxng station near Red Bluff
and Stony Creek : :

Western lope of Sierra Wevada in U@per Sacramento
Bagin above 1000~ feet

Lower portion of Sacramento Basin above Shasta Dam

Upper portion of Sacramento Basin above Shasta Dam

.- 13__




- CHAPTER II

DYNAMIC COLIMATOLOGY

20. The Ssmiperménent éeﬁfers of Action. vAlthcﬁgh it‘is obviously
the’topogfaphy which is‘responéible for the specific and variedvfeatUTés
of the climate within the confines of the Sécramento,Basin,’thQAgeneral
and:over—all nature ofrthe climate is dependent upon thevbasin‘s latitude
and position on the west coast of a céntinent. Thisris g0 because the
semipermanent pressute centeré over the ocean thét develop from.fha
general circulation of the atmosphere are the dominating\influehcés on
the climaté of the entire;west céast.‘ In éhe méan pattern thesekcenters
are located within the belt; of comparati#ely}low and high preésure tﬁaﬁ

xtend’around the eaf%h at abouf iatitudes 550 . a,miv356 M., respebtive~
»1y. Following the anndal marchbof solar altiﬁude, the.pressure belts ére
,farthest s&uth in %the winter of the’Northern ﬁémisphere, fartheét norﬁh »
in the summer. The number of\énticyclenic and cyclonic systems (chiefly'
thé 1atter)‘with;n each belt depends largely on the mean speed of the
westerlies between the two latitudes (83). Characteristic of oceaﬁ areas
“lying to thé west of continental masseé’in the Horthern Eemisphere are
the,Aleutién Low and the’Pacifict(soﬁetimés called the Galiforﬁiaaor

Howaiian) High of the North Pacific Ocean.
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‘21. AThe "éefménenée” of these two centers is‘éﬁafistical, rather
“than actual, butVof the two, the Pacific anticyclone is morekgeafly,
‘permanent.g Most Highs(are the cold type,;thermal iﬁ origiﬁ andﬁmigran‘v
tory, with anticycloniczcirculation seldom extending upward beyond three
kilometers. The Pacific High; however, isg chiefiy dynamic intorigin
(gg), rémaining apprbximately stationafy errlong periéds of time and
retaining its anticyclonic circulation,throughout the troposphere. Its
cente? generally persists in the ?egion between 140°~l500 Wf;longitp@e
and BOO—MOO H. latitude."eraduélly increasing in S£?ength and extent'
'vduring thé summer months, a maximum is reached;iﬁ’August, with the ¢enter-
then displaced farthest north and west. This:is fdllowediby a decliﬁevto
a minimum in Januvery when the center is usually farthest southeast.
VOCCasionaily,iﬁ winter months the anticyélone éxhibits an eastward exben—
SiénApast the Siefra Nevada Range, where it is reinforced by radiational
cooling and resultant air ﬁrainage‘to form the Great Basin High (42, 83).

22.  The developmentrof the Aleutian Léw is dependent upon fhe out—
fléw of cold polar air from its source over the interior of Asia (§§).

It folloﬁs that this Low éttains its haximum intensitf and geographicélk
expanse during Jaﬁuary wheﬁ it is diéplaced farthést southward.  As a
center of action it iszraéﬁicélly‘nonexistent during the summer and not
1an important factpr in Califofnia‘weather between May and September.

2%, It is of coursé possible that thé gsummer distribution of these
cegtefs of action may oceur during the winter or vice versa. The latter
situation does not,pefsis% because the source of cold air is limited: but
when the former anomalyvoccurs and persists thrcughout‘the major portion

of the season, an abnormally dry winbter over California ensues. It is
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also interesting %o note that ﬁhe finai clearing front which ends a
'series of winter rains in this region ié often followed by the re-estab-
liéhmen% of the fécifio anticycloﬁé in midsummer streﬁgth and position.
24, The normally dry summer of therSacramento Basin resultsg, then,
from fhe~basin‘s position beneath the deep current rounding the‘nqrtheast‘
gide of ﬁhé'PacifiQ’antioycléne. Over,thé‘mainland the current is'frbm
the northwest up to 1500 meters, but above that level it backs to south~
weéﬁ as 1t tfavels around the upper-alr standing wave that is troughed ab
approximately 130° W, (72, »p. l52~153;,l91). Regardless of the direction
from which it crosses the coast line‘the’curregt is,‘nevertheless,
generally from the north side of the antioycione, traveling down slope
and diverging as 1t apprpachés the eastern edge of the cell. .The result
is a dry and stable air mass (72, p. 147). In the more southerﬁ'lati—
tudes the trades have moved northward for the season, The winds aloff at
Pearl Harbor, for example; are northeast to high leveis. Tropical air
from this s§urcé,\or polar air modified by a sojourh over this region, is
thus excluded from the California ooast.beccasionally a simultaneoué
%weétward‘shift of the centers of the Pacific High and the éummer conti-
nental highmlevei anticyclone (71, 75, 76) brings tropical air aloft to
California from the Atlantic source. But even thi# air, sometimés foﬁn&
in San Diego soundings (1), has been partially dehydr@ted in its west-
ward passége across the mountains of Mexico and stabilized by subsequent
downwslope motion. toward the Sacramento Valley, In NeW'MeXicoland E
Arizona and, northward it is this current, as Reed has shown (76), that is
ré3ponsibie for the‘summer rains of that region, In southern California

it is the cause of the so-called Sonors summer rains (gj, p?. 151-152;
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15). Local in~charactér;~the convéctivé showers'occﬁrring.in‘this air
afa genérally c§nfine& to the area south of the«Tehachapis and east of
the Sierras. ’;In the Great~Centra1 Valleygof Galiforniavréin rarely
oceurs duriﬁg the summer months. |

| 25. The southwafd«displacement of both semipérmaneﬁt centers iha
>the winter alters the prevailingrair flow over the'Sacrameﬁto éasin.-
Whil; fhe Aleutian Low has deepened and strengthened, the anticyclone has
dimiﬁished not only in central préssure but also in size. The trade
winds‘have'followed the thermal equator southward, as have the polar
front énd the mean storm track. The southwest éurrent preceding each
storm now travels around the,western'side of the aﬁticyolone,~up slopé 
and direct fromAt%opicél l@titudes (zgj p. 147). ‘During this seaéén
California thus appears more often in the pgth of troplcal (of polar'
becoming tropical) maritime'éir aloft and, by the same tekén; alsc more
often in the path of the'cyclonic systems moﬁing.inlandffrom the Pacific.

The regult is the ralny season.

26. Proximity of the Pacific Ocean, The nearness of the basin to

the ocean, in conjuncfion with thevprevailing westerly direction of the
v wind, means that‘the most frequently recurrent air nasgeé are brought in
from tge ocean aﬁd‘will,‘hehce, usually exhihit méritime characﬁeristicsf
As shown.in the Ompompanoosuc Report (1), the temperature of the w$ter in
ﬁhe sourcevrégion‘over which the air mass‘obtains ;ts‘méisture propérties
will determine the upper limit of the amount of frecipitablveater in a
moisf column of air‘ovef'ﬁha£ region. For thé tropical maritime air ‘
~affecting«the Sacramento Basin, the soﬁthern iimit of the Pacific source

can be considered to be latitude 25° N. For the area extending 5° north

[
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-~ of that‘latifudé, and bounded by‘the meridian§'1¥50 and 165° W., the mean
seafsurface temperature for the months bf~Degember to March, inclusive,
is 69 Ff(ig). Thatfwouid‘be the aﬁerage surface dew point of érsaﬁumfv
rated air mass over that region dﬁring ﬁhe'bulk of the Sacramento-Basin's
rainy season. Its meximum value would limit the maximum value 6ver't§e
basih. However, a morefa&équate,determinaﬁion of the maximum dew point
temperatures‘and‘their distribution, applicable to the basin, was ob-
taiﬁed;from land station obéeréations made through the trOpical air
mésSGS. : The data used are presented in Chapter VI, entitled~?Maximum "
Possible'Precipiiation." Duriné the coldex‘season of the yeaf the

V isothérms of water temperatufe of the North Pacific Ocean are parallél to
~ the circles of latitude,Vwith gradient directed northward. In the summer
months this gradient is distu:bed by the upwelling of %he cold bottom
water along the coast, an effect that extends‘westward about 370 miles "
off Cape Mendocino and 1300 milés off San Diego, Galifornia (21, §§).1
The stabilizing effect in thé region of these water surface temperatures
is therefo%e greatest in summer when the ocean temperatures are compara-
tiVGlyrlqwer, and least during the winter séason.

‘2?.V'In general, cold polar air masses invading the Pacific Ocean
ermfcbntinental areas are made unstable and increasingiy moist 5y warm—
ing from below.A Tropical air masses:moving northward are cooled from
below,‘becéming stabilized in. their lower layers and losing some slight
moisture by cbndenSation into sqrface fog. ' Thé‘amount of modification
undergone by a k~type air mass varies directly with the length of its
trajectory over the water, but thé most convedtively unstable air mass

will not be the one with the longest trajectory., Byers, in his "Air
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 Masses of the North Pacific! (18, ». SZO)states: ;ﬂ.;. the rate of
change of éE‘(equivalent potential temperature) with elevation varies
inversely\as the length of the ﬁaritime @rajecfory.“b‘Since the lapsek
rate of éqpivalent potentialyéemperature ié the index of coﬁveotivé
instaﬁility,‘the éhorﬁ trajectory of arctic‘or polar continental aif from
 British Célumbia to nbrthrand central Cslifornia by way of the oceank
: fesults*in the creation of the most éonveoti?ely ungtable air and often
provides the last sharp'cold‘froﬁt rainfall of the wintér storms over the
baéin. At the other extreme, an air mass with a long sojourn over Lower
latitudes will develop a lapse rate of GE that:is’nét as §teep, and éon~,
séquentlyfless conveotiveiy,unstabie. Mosgt of the storm rainfall over
the Sacramento Basin falls from air, bften designated as mFk becoming mTk
(see Chapter V), whose properties are between the two extremes., |

28, Inlthe modification of the cold @olaf alr masses asvthei pass -
southward ovef the warmer waters of the Pacific Ccean, the air tempers~
 tures in ﬁhe*lower layers are raised to such an extent that freezing,.
temperatures in this air do not on the average occur beloﬁ‘four thousand
feet. The mean elevationvof the snow line on the Sierra Nevada slope
‘thus becomes a function ofvthe océanic modification, It is obvious fthat
in'fhe most intense type of storm, however, the freezing isotherm can be -
at so high a Level that rain will £a1l ab almost all ¢levations in the
~basin, %iﬁh flood consequences that are fully discussed in‘Ghapﬁer V oon’
"Major Storms" and Ghaﬁter VII on "Snow Melt, ™ |

29.A Topoérapby.« Theylarge—soale factors‘already digcussed
determine the basin's gepefél élimate.f For the spécific variations in’

that climate within the basin, the %ariations-in\thé %opography afe
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responsibie. ”he nature 6f that topoéraphy has already been discussed 1n .
the prev1ous chapter (see Flgures 2, 3, and 4). It should be pointed out
that Whll@ the proflles in Figures 3 and 4 generally follow the drainage
divide, they also indicate the elevatlcﬁs to which air must rige on‘
’enterlng and 1eav1ng the Sacramento Valley. These proflles show ?hat thé:
prevalllng westerlies can enter the valley at sea‘level;only,by way of
‘the Golden Gate: therefore the delﬁa regicn of the basin,eﬁpériénées
SomeWhat céoler summer temperaturesi(see Figure 9)Vthan the’remote‘areas.“
“Deflected northﬁard ovef the Sacramento Basin, fhis‘stream §f maritime |
air becomes the preVailing iow,level'SUch wind.,

30. The elevation of ‘a station within its surrounding air mass
ﬁill largely deterﬁine its teﬁperature. In other words, the station tem—
"ﬁeraﬁure will correspond, more or less cloéely, to the ﬁemperaturé of the
free air ét the stationfs‘altituie, ,S§me effective modification of the
e#pected mean value will result frdm~thé lesward o?Vwindward positién of
the station, from she1tering afforded by mountaiﬁs»énd, és shbwn above,
from,nearness to the San Franéiscﬁ Bay area. Air maéses"moving up‘the
slopes of the Coast Range will be cooled by adiabatic expan31on. Moﬁing
down slope 1nto the basin they w111 undergo a rise in temperature due to
‘adlabatic compression. Were these the only efiects,:the resulting tem—
perétures would be the same on either side of the ridge, level for 1evel.
But if enough moisture is present; as it oftén is, 1t will be COn&eﬁéed’
_in the iifting,process and the rate of cooling afte¥ saturation decreased
by theVreléase of tﬁe latent heat of con&eﬁsation. ‘Invshort,,thefproceés
will be partly pseudoQadiabaiic and the pobtential temperature will be

increased. On the déwn—élope side the proceés will remain adiabatic, and
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the temperature will increase at the dryladiabatic’rate. The resulﬁ is

that, level for level, there will be higher temperatures in the lee of

the mountains. The down-slope effect, sometimes known as foehn, ig

especlally noticeable in the infrequent eases when centihental aif,:

"initially of low relative humidity, is forced to flow intd,the basin from
the east and north. This produces the dessicating heat wa#es of summer
in the valley. “

%1. The secluding effect of the surrounding ranges allows'stagnaﬁ
tion of the air~tra§ped in the basin. During some;Wintef situaﬁions,
cold continental aif,pours into the basinffrom'the north and east and, if 
the atmospheric flow pattern is favorable; helps maintain a quasif
stationaryyfront along its southern limits., During the summer the effect
of continuousvsolar heatiﬁg of the trapped air is the Yheat Low" which
elongates as a pressure trough northward from the southern deSerﬁs,

. following the valley contours with surprising exactness.

'32.  The topography bractically determines the distribution of’pre—
cipitation. The meen seasonal precipitation over the basinvincreases o
with elevation and is greatest above four thousand feet. The orographic
effect is such, however, that it varies not only with elevation Eut also

)withvslepe,‘air flow, and the thermodynamic characteristics of the air
masses'in each synoptic situation. The distribution of orcgraphic |
effects in the idealized sterm will be discussed ih Ghepter V, "Major
Storms," and the theoretical aspects of orographic rain in Chapter VI,
"WMaximum Possible Precipitation.! Here we can consider the orographic
‘influences imposed upon the moisture-bearing winds as those effecte'areT

made visible in the mean seasonal isohyetal pattern (Figure 7), or, as
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g3 C eer L 120 will ‘be shown later, An
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- Pigure 7 » .
the mean seasonal
'iSOhyets cléar;y éHOW'the iifting effect of the high mountains on the
moist southwésterly winds which have crossed the comparsatively low hills
in the’vicinity of San Francisco Bay with on;y'slight loss of precipi-
table moisture. Farther,north; where sauthwésterlyiﬁinds are lifted %o
moderaﬁé elevations over the higherVridges of thejOoastiﬂange;‘a grea&er
depletioﬁfof moisture occurs and raiﬁfall diminighes somewhat'along that
portion of theyﬁest slopeskof the Sierras which lies in the path of this
" part of ﬁhe soﬁthwesterly‘current. Over ﬁhe upper reaches of the Sacra-

mento Valley, and particularly above the confluence of the Pit and
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Sacramento Rivers, other rainfall peaks are apparent on the isohyetal o
charts. They result from the combined orographic and convergent effects
upen the,air at lower levels which has Dbeen deflected from its north;
'eastward rath by the Sierra Nevada Range and is forced northweid aiong .
the fising floor of the valley; This ei£lis fpiled up" toward the
nerthern end Qf the valiey where its escape is impeded by tﬁe relatively
high mountains. A "dome™ is built up, over Whieh souﬁhweeterly winds at
higher levels must graduallykrise, producing the relatively high rain-

fall in the low—-lying Red Bluff-Redding sector of the Sacramento Valley.

33. Distribution of Climatic Elements. ‘While the qualitative

diStribution of temperature and precipitation has'already‘been discuesed,
the quantitative variations in climatic elements can best be described
over such a heterogeneous region by. the classification of the basin into
regions climatically similar. Since it was necessary to divide the
basin into zones in order to make the rainfall analysee (see'Figure 6),
combinations of these zaones have been grbuped into such climatic

regions. Data for a comprehensive study of any one climaﬁie element do’
not exist, but the data are more nearly adequate for precipitation than
for any other element.

BM. Because the California rainfall regime occurs during the
winter months, the precipitation that falls‘during the twelve;month
period, July through June, 1s referred to as the eeasonal precipitation.
The mean seesohal isohyets fof the basin, shown in Figure 7, are'based
on data gathered by the Sacramento District Office of the U. S. Engineer
Department (E). The areal distributicn of the average‘depth of normal

seasonal‘precipitationvfbr each of the five climatic regions is plotted.
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Figure 8 - : However, areal variations of

Area-depth. curves, normal “seasonal precipitation cannct Dbe
seasonal precipitatiocn ‘
Sacramento;BasinA(divided into , expressed exclusively in terms

climatic regions by zone grouping) ‘
o ‘ of elevation. The curve repre-

senting the "high piate&u" of the Sierra Sevadas<should* for instance,
ﬁlot higher than it does, if consideréd‘361ely‘oﬁ the basls of the
region‘s'mean elevéticn. Along the Sierra slope regions, the “high
«plateau“ hag a high fre@uency of precipitation due to showers and
thunderstorms during the sumﬁer months. The regioné of‘least freQuency
are the coastal slope and the valley floor,kwhere summer showers rarely
cccur. .

: 35. Sﬁow}surveyé of the basin have been too few %o pérmitﬁde,
SCﬁptionlof the specifig regional variatioﬁs of thié eiement. Generaliy,
howevef, that porfion of the mean seasonal precipitatién which falls as |

snow 1is natura11y~distributed with elevation; the greater depths at the
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“higher elevations,(’The greétest annual amount occurs ovér the Sierra
Nevada slope régioﬁs. ‘Summit- in 1879-80 recordedvé total seasonal fall
of 783% inches, Except in‘the shaded portions‘of the higher peaks, déepk
ravines and canyons, and Qn the northern‘slopés of the highér mountains,
where énow ié fbgné ih’thé 1ate‘summer and early fall,'the mountaing ds
a whole are not covered with snéw the year ?oun&. A moreﬂdetailed dig~-
cussion of normal an&vcritical distribution‘of g§now cover withiﬁ‘the |
'basin is‘oontaiied in Chapter VII on "Snow Melt.”‘

36. Although during‘the winter months thertémperature is‘pracm
tically ﬁniform thrqughoutrthe valley, there are probébly few places in
the world where thére exisﬁs s0 marked a temperaﬁure gradient as obbains
during the summer months over the Sacramento Basin. | The July éverages”
are 25 F higher in the valley bottom
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correlation hag Been attgmpted, The mean'temperatﬁre lapse rate in the
free air, as given by Dines (25, p. 258), has been>§lotte& on each
figure asja guide. It will be noted thét:thé data fit the curves fairly
well in every case excepbt.for July in Figurés 9 and 13. In the former,
the lowest elevabtion represents stations in and near the delta region,
wvhere the maritime cooling effect ig felt, in the laﬁﬁer case, the most
probéﬁle explanation is that the station temperatures aré not represen-—
tative of the free air.x It should also be noted that thervertical'scale
is chaﬁged between‘Figurés 10 aﬁd 11 to accommodate the higher»elevations.

37. The general movement of the air over'the‘basin is southerly
in the lower layers, shifting fto westerly with‘elevatioﬁ. Strong
southerly indrafts at all elevations sccur &uriﬁg the months of Novem-
ber, December, January, February and March, whenever strong cy;lonic‘
disturbances approach the coast. Of the elements, sunshine, hﬁmidity;
and'wind, there is unfortunately no adequate continuous and systematid
record from which to compute the regional variations, which are obvious-
ly great, The maximum values 5f ﬁhe_wind and hﬁmidity oonstitute’a

separate problem, which is treated in Chapter VI.
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CHAPTER III ~ \

RAINFALL ANALYSIS

.

’38. in this\study,’rainfall’is analyzed. in order to discover its
,diétribution'in area and time within the storm period. From»such an
,analysis it iS\ﬁosgible ﬁoiderivé the maximum dépth—duration-arga values
fbr:the various subdivisions of thelbasin. é@ aécomplish'this, the
fprooedure described in supplementary bﬁlletins Qf the U. S. Engineer
Departmeﬂﬁ (5) was utilized. In brief, the process invdives the
vacllowing steps: | | |
| a., Compilation of basic precipitation data.
b. Preparation of maés-rainfall’curvesy
e, Preparatioﬁ of total isohyetal map;

d. Tabulation of contemporaneous ralnfall guantities scaled
from mags-rainfall curves,

"e. Computation of accumulated precipitation values repre-
senting average depth of rainfall over selected areas.

f. OComputation of maximumn depth—duratiéﬁmarea data.

( Asg appliéd to the Saoramentd»stu&y, the method reqpirés thé construction:
of average‘mass curves of preéipitation for segments of the basin‘area
and then adjustment of the{éurves ﬁo give total sfofm values that corre-

spond to average rainfall amounts from the total igohyetal map. The
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mass curves may be determined by én arithmetic average of station rain-
fall within the sub-area, if sufficient gagés are present, or by avefaga
ing station rainfail welghted according to area derived from the |
Thiessen polygon surrounding each station (96). Such a prooedure'makes
ﬁhe storm isohyetal map and areai>breékdown of the basin especially

important, These items will thereforé be discussed in detail.

29, The Total Storm Isohyetal Map. The usuél method of‘preparing
an isohyétél map is to plot all the raiﬁfall values and draw isopleths
by 1ineaﬁ iﬁterpolation betﬁeen neighboring stations. The afdilablé
meteorological information is then used to refine the precipitation
pattern in areas sparsely covered by raln gages. However, in the area
under study, thé precipitation is so irregular that spatial interpola-
tion with the present density of gages is wholly inadequété. The
rmtopography‘influences the,preoiﬁitation to a marked degree and rainfall.
ig intimately reiatad to elevation within a given area, although a -
sufficient number of anomalies exist to disoourage the use of raiﬁfall
depth-elevation relatiﬁnships exclusively. |

4o, A sﬁudy'of g number of storms revealed the existence of a
recurring characteristic rainfall pattern in the basin. Since éeasonal
precipitation is the‘sﬁmmatién,of successive storms during the rainy
. periocd, it was decided to use a normal or mean seasgnal precipitaﬁion
mép as.a guide in defining the precipitation pattern of the indi&idual
storm. The metéorélogiéal justificatioﬁ for such a préctice'is developed .
in Chapter V., The normal seasonal map (Figure 7), developed by the
 Sacramento Districf Office from'consideratiéns of precipitation, runoff,

and physiographic data (E}, was introduced in Chapter II in connection

i
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- with the over-all precipiﬁatibn features of the basin. It is hereinf
after féfefred to as the N,S.P. map.

| Y1. Té de&elop the total‘storm igsohyetal mapyfrom the obserQed
rainfall values‘and the N;S,P. valﬁes, the procedure is as folloWs:
Both values are’tabulated fdr each station and ratios of storm rainfall
to N.8.P, calculated in percentages; Isopefgental lines are then,drawn
on the XN.S,P, map.k«The‘N.S.P, values are multiplied by corresponding
pércentages atyunmeasuréd key points and tfanslated td an isqhyetal
plotting map togethervwifh the ‘observed rainfall valuesf Both the im;
plied and actual fainfall amounts‘aré theﬁ ﬁsed to plot storm isohyétal
ylineé which are,dgaWn so as to be consistent with the N.S5.P. map,

topography, and the meteorology of the storm,

42, Zonal Subdivisions. The usual procedure in rainfall analysis

requires a breakdown of the storm éreé into contiguoﬁs sub;a;eas or
éones, and separate maximum’depth—duration—area computations for ea¢h
'zoﬁe. In this study each assigned basin is divided into zones having
homogeneous rainfall_characteristics; ‘These zones, identified in Table‘
1 and located as shown inkFiguré 6, are fixed and form the basis.of all
rainfall  computations for the major storms studied. The zones may be
roughly grouped as foliéws: Gl’ CZ’ Dl’ DE’ F,‘G, H, and M represent
the w;stern slope of the Sierra Nevadas,lshowingra marked increase of -
precipitation with elevation. ‘The'eastern slope of tﬁe Coast Range con—
‘sists of A? &, Kl’ and K2, also characterized by rapid increase of preHV
cipitation with elevation. J and P form the Sierra Nevada plateau
section where the rainfall is~defi¢ient. kB, Ll,‘and L2 are the light'

" rainfall areas of the valley, and N is the mountainous area of héavy~
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réinfall in the northwest’seCtion of the basin., As the study progressed
‘it became apﬁarent that sqmerf thevéubdivisions could be combined with«
'§ut thé sacrifice of accuracy. In makiﬁg such changes, liéte& below,
the origiﬁal nomencléture was adhered to as farAas possible, in order to
avoid confusion in future storm studies: |

H was combined with 0 bo form HC;

Dy was combined with Dy to form D

Xy Qas combined with K2 ‘o form K

Ll wag combined with LE o form L.
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CHAPTER IV .
HYDROLOGIC HISTORY

H}. The Available Data. rThere is no accurate basls for comparing

the early floodé in the Sacramento Valley with those of thévpresent day.
Records of river stages prior to 1853 do not exist. Bétween 1853 and
,1879Vcasual and unrelated gagérreadings weré madekalong the Sacramento
River, \‘By #hatjtime the Sigyal Corps began such Obser§atiqns but no%

» unti; May 1906,'®hen tﬁe Weather Bureau establisheﬁ)an Qrganized ri&ef‘
fserﬁice, did~ény\ac§urate reference marks become a&ailable.

4, slickens accumulations caused by uncontrdlied hydraulic_min—v
ring/operatiOns ﬁridr to‘1893vconstifuted a‘changing facﬁor in'the
’channel-structure. Since the ocdw@atién of the valley; levee construcmV

tion,‘first sporadic bﬁt lafer organized;fhas acted to raise the water
ﬁlane.  for such reasons river gage helights, even if aocurété by them-
selves, are unreliable for comparafiVe pur?bses. It‘was decided‘ﬁhere~

. fore that, within the'limits/af available data, representative rainfall»

depths~wouid serve as the most useful index.

45, Historical Notes (1805-1862). For records of the earliest
floods, however, it was necessary to resort to historical references.

These allowed a tabulation of dates and occasionally provided information -
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'for“an‘estimate of'hhe floo&’s,severity“yln the notes that follow, a}l

gage readings, unless otherwise identified, are of4the Sacraménto;Rivar
at Sacramento.  Also, unless-otherwise,specified, the "river" referred
t0 is the‘Sacramenté Rivér and the "eity! menﬁioned ié Saoramegto.

46, (1805) The earliest fiood mentioned by historians occurred
in 1805. The exact dateé are not known bub Willis (109) states that
... the great flood of 1895 formed an epoch in Indian histéry from
which‘they'still speak of subsequent events." Tfa&itionally, this flood
iS~said to have covered Ythe entire Sacramento Valley except the MarysF
ville Buttos.! -

47, (1824-25) The wintér éeason of 1824-25 was marked by an
"unprecedented" fall of rain. Flood damage‘was extensive throughout the
populated areas of that time. Historiéal account8~descri5e only the
co&étal region from San Franciscb to San Diego and the interior of the
southern portion of the state as sustaining extremely severe flood
damagés, but it can be assumed that flooding conditions pfevailed
~throughout the Greaﬁ Jentral Valley. The simulﬁaneOus occurrence of a
Sacramento River fTlood is further indicated by evidence,’in’Bancroft’s
’account (EZ), of stageé in the lower San Joaquin higher even than those
- of 186l~62. Only an approximate date is givén, bﬁt Willis (193) also
mentions a flbod of 1825 which "is often referred to by the older
Indians." - A

hg.  (18h46-47) The winter of 1846-L7 is mentioned by Willis (109)
as a period during wﬁich the Sacramento River overflowed.\~ At that time
the only white settlement in the valley was at Ne& Helvetia (Sacramento).

No informstion as to severity or extent of the flood is available.
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H9. k(DecemberclSH9j' Not until the following winter season was
- the first Smithsonian observer, Dr. T. M. Logan, established at Sacra;
mentd; howevér? it is from his Quotations of the California State

Medical Journal that the following deécription is paraphrased (QQ)QAVThé
» entire winter season was one of almosf contihuous;precipitation,‘with
the first rain occurring on‘September 23; The rain continued more br
lless regularly through October, November, and December, increasing in
average intensity and accompanied by somewhat colder temﬁeratures, The,
Culmihétion was the flooding of the lower portion of the city of
Sadramento on Décember 25. |
 50. (January 10-17, 1850) On Januvary €, 1850 the Sacramento
River‘rose rapidly and‘fromythe‘lOth to about the 17th nearly the entire
‘city was flooded. quing this period the SaéramentO'River reached a
stége of 20.3 feet above low Q;ter.
 51, (April 7, 1850). After'subsiding froﬁ the'January overflow
the river appérently remained withih its natural banks‘until April 7,
Whén,another rise caused flooding of -the lower part of Sacramento. A
temporary leveeyéystem waskprémptly constructed to protect the city ffom
furtherkdamage. |
52.‘ (March 7 1852) ~quing the first part of the 18H1-H2 wintef
season, conditions were like those of 1849-50. About ten inches of rain
fell at Sacraménto during the last four months of 1851, contemporaneous
~raihfa11 over thé basin raising the Sacrémento River tokwithin four feet
of its naﬁural ﬁanks by December 30. However, the firét flood of-thek

season occurred during the heavy rains of the first week of March 1852,

As a result of breaks in the levee system at Sutter!s Lake, as well as a
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crevasse in the American River system, paft of ths éity was flooded on

March 7. The inundation covered practically~£he Whole‘city before sub-
siding about é week later. The highest gtage reached on the Sacramento
during this period was 20.0 feet above lgw Water.

. | 53; (December 25, léSE) The basin's December rain%all, of which
Sacramepto’s twelve inches was represehtaﬁive, caused fhe Sacréménto
River %o rise lgeventeen inches higher than the flood of 1850" (53).
The city remained almost entirely submerged from Décember 25, 1852 to
Jamary 24, 1853, when the £lood waters began to recede. ‘Willis~(19§)
lists December 19 as the date on which the first flooding occurred,
stating that the city was flooded to a depth of sevefal,inches by - the
water that came through breaks in the levee on the Américan River,
| B4,  (Jamuary 1, 1€53) Thompson and West (97) give Jamary 1,
1853, as the date the city was next flooded., A stage“of 2l.7 feet above
low water was recordéd and 1t was aésumed that the major discharge was
~from the American River.

55. ‘(April 2,'1853) During March 1853 fainfall wa.s heavy once
more and éhe Sacramento rose rapidly dﬁring the latter part of the |
month.  On March 29 the river roée about twelve feet in 24 hours, soon
overflowed its ﬁatural banks and then, from a break in ﬁhe levee at
Suttervillé, again inundated the greater portion of Sacramento on April
2. Sbme portions of the city remained flooded from the first of April
until the last of May. Sevenfeen inches of rain fell at Sacramento |
during the first five months of 1853.

56. (March 1854) A stage of 20.3 feet above low water was

" recorded during Mafch 185H by Logan (53) but no mention was made of the
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cit?‘s being»flooded.

| 57. (March 28, 1861) On.March‘QS, 1861, the Sactamento roée at
the'rate:of’?[feet in ol hours. Th@ﬁhighest Stage'reached was 21.7 feeﬁ
aboveiiow water. The 1owlands’were flooded but- the City was apparently/
‘Suntouéhed. A~donsi&efation‘of the precipitafion’and temperatﬁre records
- at Sacramento indicates that snow melt must have been the major contrib-
uting féetor. | ;

58. (December 9, 1861) All historians consulted agree that the
floéds‘%hat occurred during the winter season of 1861-62 were by far the
greatest and most disastrous on recgrd, ;As_in prior floodé, the winter
ragns set in eariyg The_first‘siorm period Eegan at Saéramegto on
November 9, 1861, and rainfall was. quite persistent through Dedember\?.
On this date the rainfall was &escribe@ by the obsérver as "almost
: tropical.“ Two and one—hélf inchés~fell ih 36 hours at Sacﬁamento and
Légan,(§i> estimate& that the fall in the mountains was nearly six timeg

as great. Oritical snow melt conditions accémpanied the rainfall. With

5

the Sacramento River already at a high level, the American rose very -
rapidiy, overflowed its banks and caused severe flooding‘in the fgo%~
hills and valley. The American rose to 22l7 feet above the 1ow’water’
rmark,\&nd a bréak in the leveé system at Burns' Slough-caused nearly all
portions of the city of Sacramento to be inun&atedf |

59. (December 28, 1861) Precipitabion was light end intermittont
ffom\December 9 %o the Elst; hbWeﬁer, on the 225@, steady rain‘began
again and on the 26th 2;HH inches>fell in 18 hours at Sacramento. This
was the highest intgnsity of rainfall that had ever beén fecorde& éﬁ'the'

station. The American River again rose very rapidly and the lower
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porﬁidn ofiSacramento‘was flooded, On December 28 a stage of 22. 6 feet
above low water was recorded at Sacramento exceedlng all prior floqd
stages,

60.’ (January 9-12, 1862) Precipitation over the basin had ceased
shortly before the December 28 éfage was reached bﬁt began again on the
morning of January 5. Moderaﬁel& intense precipitation occcurred on the
5th and 6th over the lower portion of the basin, falling as rain'showers
‘ over'valley‘stations but’as severe snow showers over the foothill
regions. Alth§ugh éll fhe precipitation fell as réin‘aﬁ Sacramento, 12
to 30 miles %o thé northwest, in a region seldom accumuiating snow,
there were snow depths ranglng from 6 to 12 1nches. Warm and‘heafy
general rains followed during the period from the &th to 11th the
Saoramento River reflectlng each perlo& of heavy rain, The highest
stage reached was 24 feet above low water, on the 9th.‘ Tﬁe Alta
Californian described the resulting flpoded’aréas as ”extending from
Tehéma, g0 miles above Marysville, ?o a point in the San Joaquin at
least 50 miles(south of Stockton, forming a lakebao miles wide by some
,250 miles long." »

61, (January l5~17, 1862) The preceding storm‘s metéérologioal
pattern, although 1t can only be inferred from meager data, is of |
39901al interest in the congideration of condltlons antecedent to magor
floods and will be discussed in that connection in Chapter V, "Major .

Storms."

The pattern was apparently reproduced during %he period
January 15-17, 1862,,resulting in similar precipitation intensities and
distribution. The effect was %o prolong the severe flooding of the

lower portion of the basin, and to extend flood conditio&s‘over the
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uppérkbasin near Red Bluff.
62. The avaiiable ?recipitationrdaﬁa for the 1861-62 flood period
are tabulated below: | B .
| TABLE 2

PRECIPITATION ~ FLOODS OF 1861-62

Jan. 5-11, Jan. 5-22, Dec. 21, 1861, %o
1862 ¢ 1862 Jan. 22, 1862
: . Total % of Mean Total % of Mean Total % of Mean.
Station “Inches Seasonal Inches Seasonal Inches Seasonal
Sacramento 6.54 38 14.78 86 20.65 121
Marysville - = 3,88 19 O 8.2% It - -
‘Benecia ' - b.2? 4o 10.52 68 12.70 82
~ San Francisco 12.72 54 23.01 101 - -
Alcatraz - L.ay o 19 11.74% 53 12.51 62
Ft. Crook T K- R A g.1Y4 18 13,46 30

Ft. Gaston 13.00 2k ' '24,55 RS 39.95 T3
A&ditional'untabulated amounts are:‘

Nevada City, Dec. 26 to Jan. 12 - 26.00 inches, S4% of mean seasonal;
Red Dog Jan 10-11 - 11.32 inches (4g hours)

63, Storm Tabulation (1864-1940). The selection of the storm

- periocds chronoio%ically listed in Taﬁlés 3 and 4, which follow, ﬁas'
bésed(on Oalifornia precipifation records used in Qonjun¢tion with -
Sacramento River stage and dischargefrecords. During some of the
periods the primary flood factor was Snowymélt, and thasg cases are so
aésignafed. In doubtfﬁl inétances the rainfall values were tabuléted;"
6L, Thé actual precipitation valuéé in all caseé were gonverted
~into pércéntages of the mean seasonalgamounté, In the tables this con-
version is called the "storm 1ndev “\ On the éésnmption that'station
ralnfall can be representative of its regign's rainfall, the stormlin&ex
‘was computed for a statioh in eachrof the indicatéd sub-basing. The

station was chosen because of its location, exposure, elevation, and
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length of record. For the siorms occurring priocr to 1900 such é‘selec~
$ion could not be made for each sub-basin on aécount of the limited data
| available. In Table 3, which is for btﬁe period 1864-1899, the index
values are merely/such asg are évailable and cannot be considered par—
ticu;arlgz representative. In Table 4, for the period 1900-1941, the

' éiations selected represent basin features and appear under sub-basin
headings. Whenever the recor&‘became discontinuous, a proper substitu-

tion was made, if possible, and the substitution indicated in the table,
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Storm Period

1864
1864
1864

1866

1866
1867

1868

1871

1875

1478

1880

1881

1881

1885
1689

1891

Nov. 25-27

Dec, 11-13

NDec. ol 26

Jan. 18-21
Bec, 1921

Dec. 17-19

Jan. —

Dec. 19-21
Jan, -

Feb. 1h-17
April 19-21
Jan. 28-30
Feb. -

Nov. 7-9
Dec, ~ |

Feb. 28-Mar. 2

TABLE 3

STORMS AND FLOODS: 1861-99

-

Station and Storm Index

Neadow Valley 18  Sacramento 23

Meadow Valley 7  Sacramenta 30

Meadow Valley &  Sacramento 5

¥o adequate data available

ik
Yo
o
No
No

No

5.

No
Ft

No

Iy

. Bidwell
adequate
adequate
adequate
adeéuate
adgquaté

- Bidwell

adequate
. Bidwell
definite

. Bidwell

6 Tb. Crook 13  Sacramento 30
data availéble |
data available
&aﬁa available
data available
data available

7 Bed Bluff 20 Sacramento 52

Red Bluff . 36  Sacramento 29

daﬁa avaiiable

14 Red Bluff 28 )

storm period —— evenly distributed monthly rainfall

Y Red Bluff 5 Sacramento 10 Georgetown 14



TABLE % (Cont.)

Storm Period Station and Storm Index

1892 May -— -30 Snow melt
1892 Wov. 2€-Dec. 1 Ft. Bidwell 23  Red Bluff 27 Sacramento 36 Susanville /56 Nevada City 22
1892 Dec. 24-27 Ft. Bidwell 5 Red Bluff L Yevada City 13 |
1893 Mar. 19-21 Red Bluff | 1 Sacramento\ 6 HNevada City 10 Placerville 15
1894  Dec. 2~7 Cedarvillé 5 Red Bluff- 6 Wevada City 10
1894 Dec. 2-22 Codarvilie 3 Red Bluff 9 Wevada City 5
1896 Jan. 25-27 . Red Bluff 14 Quiney = 10 Sacramento 17 Nevada City 8
1897 Jan.”QSQjO‘ Snowvmelt '
1897 Feb. 3-5 :Cedarville 5 Red Bluff 10 Hevada City 7
-1899  Mar, 22~2u Sisson. 2 Cedarville 6 Orland v 14 Red Bluff 1k Célfax 17
1899 Xov. 27m29 Snow ﬁelt ’
1899 ’Dec. 13-15 VSnow mélt
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 TABLE 4
| STORMS AND FLOODS: 1900-40
BASIN AND KEPRESENTATIVE STATION'S STORM INDEX

Sacramento Basin ~ Stony Creek Feather River Tuba and American

_above Stony Creek Bagin ‘ Bagin - Basins
kStorm Period Sisson Cedarville k Orland ' Quinecy ' - Colfax
1900 Jan. 30-Feb. 1 Snow melt ' ‘ ~ :
1900 Mar. 6-8 - 6 3 5 12 , 8
1900 WNov. 20-21 2 , S 1h T 18 , 11 16
1900 Dee. 19-21 2 1 2 3 2
Fruto
1901 Jan. 3-5 18 3 24 19 1%
1901 Feb. 18-20 . -9 I 9 10 12
1901 Dec. 2-5 4 9 e -8 8
1902 Peb. 24-26 20 b 29 , 13 11
1902 Mar. 7-9 ; 3 1 2 ‘ 3 6
1902 Apr. H5-7 ‘ 7 4 8 L b
1902 Nov. 8-10 o4 2 17 9 5
1902 Dec. 25-27 - 4 0.4 g 6
1903 Jan. 24-26 - 0.8 7 3 8 5
' Nevada City '
1907 Mar. 2-5 Snow melt : : : ‘
1903 Mar. 28-30 7 2 . 5 ' 13 -

Colfax

1903 Nov. 19-21 8 5 20 - g’ 12
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Storm Period

1903
1904
1904

1904
1904
1904
1904

1904

1904

1905

1905

1905

Dec. 16-17
Feb. 1b4-16
Feb. 22-24

Mar. &-10
Mar. 17-19
April —— -1k
May —— -13

Oct. &-11

Dec. 29-31
Jan., 21-23

Jan. 31-Feb. 2

Mar. 12-14

TABLE 4 (Cont.)

Sacramento Basin
above Stony Creek

Sigson

0.6

8

Snow melt
Snow melt

15

12

Cedarville

2

13

(op)

x

- Stony Creek
- Basin

Fruto

0.8

11

14

16

11
15

10

Feather River
Basin

Quincy

9

La Porte

15

Quincy

10

Yuba and American

Basins
Nevada City

L

8
Colfax

i

Nevada Cifz
11

Colfax
I
6
6
Nevada City

3
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Storm Period

1905 Mar. 18-20
1905 Mar. —— -29
1905 4pril — -

1906 Jan. 16-18

1906 Feb. 21-23

1906 Mar. 22-2l
1906 Mar. 30-31 -

1906  April — -2%.
1906 May 26-28

1906 June 2-5
1906 July ~— -2
1906 Dec. 25-27

1907 Jan. 3—%k
1907 Jan. 27-29

1907 Feb. 1-3

Sisson

0.9

;Snow melt

Snow melt

14

.
7

Snow melt

1
Snow melt
Snow melt
11

TABLE Y (Cont.)

~ Cedarville

3

U1

10

.2l

Fruto

3 ‘/.

18

Quincy

21

10

13

Nevada, City

5

Colfax
‘21 .
Nevada City
T
Oolfex
g
g -
12
12
Nevada Gitz’A
- ,
L
’Colféx

12
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- Storm Period

1907
1907
1907

1907

1908
1908
1908
1908
1909

1909
1909
1909
1909
1909
1909
1909
1909
1910
1910
1910

1910
1911

Mar. 17-19
April U-6
April —— =19

June 11-1%

Jan. 19-21
Feb. 1-3
Feb., 6-8
April 13-15
Jan. 13-15

Feb. 2-4
Feb. 10-12
Mar, 3-lL-
April —— -19
May - -5
June - -4
Nov. 21-23
Dec. 7-9
Jan. 22-24
Feb. 22-24
Mar. 21-23
April — -11
Jan., 1le2-14

Sigson

1h
Snow melt
Snow melt

9
5

15 :
Sncw melt

7 .

o4
Iy

Snow melt
Snow melt
Snow melt

M O

" Snow melt

3

TABLE % (Cont.)

" Cedarville

10

o N AT I O

I

Fruto

6

20
11

inc

O oW

20 -

- Inskip

ONAO —

0 =i N

Colfax

15

. Nevada City

N

O WO Oy
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Storm Period

1911

1911
1911
1911
1911

- 1911

1911
1912
1913
1913
191%
1913
191b

1914

1914

1914

1914
1915
1915

1915

1915
1915
1915
1915
1915
1916
1916
1916
1916

1916

Jan., 28—31

~Jan. 31-Feb. 2

Fev. 11-13
March 5-7
April U-5
May - =B
June - -3
Jan. 25-27

Jan., 16-18
April —— 27

May 8-9

Dec. 29-31
Jan, 24-26

Feb. 19-21

March —~— -19
April U5

May ~— -5
Jan. 7-9

Jan. 31-Feb. 2
March 27-29

April ~ -3

Aoril — -20

May 9-11
June ~ -8
Dec. 12-14
Jan., 2-3

Jan, 22-24

Feb. 9-10
March 4-5

April —— 11 -

Sisgon

b
3

2
1

Snow meld
Snow melt
‘ 5

5
Snow melt
Snow melt

13

3

12
Snow melt

0.7

Snow melt

5
1L

- Snow melt
. Snow melt
Snow melt

Snow melt

PO 0 1 10

Snow melt

| TABIE 4 (Cont.)

Cedarville

W

=

Eagt Park

1

MO = oW

o

17
18

18
20

17.

15

13

13
0.6

12
12

22
12
16

15
10

‘117
13
13

- 11
10
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1916
1916
1917

1917

1917
1917
1917
1918
1918
1918
1918

1918

1918

1919

1919
1919 -

1919
1919

Storm Period

Vay — -6
Dec. 2-3%
Peb. 23-24
March 29-30

April 22-23%
May ~ —§
June - -9
Feb., 5-7
March 18-19
March 25-26
April 8-9

-

Sept. 12-14
Oct. 1-2

Jan. 19-20

Fep. 9-11

Feb, 28-Mar. 2-
April Los

Moy — -2

Sisson

Snow melt
8
11

Snow meltv

MeCloud

2

Snow melt

Snow melt

W o~

Snow melt

Snow melt

TABLE 4 (Cont.)

Cedarville Bast Park

7 g
- _ 15
1 . 0.6
3 10
4 B}
1 —

T, Bidwell

5 .-

Madeline

Inskip

12
23

W Ov—§ R’

N AT

10

-0.5
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. Storm Period

1920

1920
1920
1920

1920

1921

1921

1921
1921
1921
1921
1921
1922

1922

1922
1922
1922
1923%
1923

1924

1924
1925

1925
- 1925

1926
1926

1926

1926

Loril 14-15
Wov. 17-19

‘Wov. 25-26

Dec. 9-11
Dec. 18-19
Jan, 17-19
Jan. 29-30
Feb. 14-15
Feb. 20-21
March 12-13
April - -3
May —— -15
Feb. 17-19
Lpril —— =27
May 19-20 .
June - -5
Dec. 10-13
April 46
May ~ -10
Feb. 6-8
April 3-4
Feb. 3-5
Fevb. 11-12

April 15-16

Feb. 2-Y4

April 5-8
Nov., 22-25
Nov. 26-29

Sisson

]
oo

WK

'Snow meld

Snow meld

[on

Snow mel

AN

Snow mel

Ll A

Snow melt

T NI WY

. Mt. Shasta

12

15
12

TABLE 4 (Cont.)

Pt., Bidwell

[

L
N~ WU O O

HEHWE~ S = o

D i 1O

Eagt Park

Inskip

]

U1 OY 500 A0 0T U1~

11

16

15
21

- 10

Colfax -

! .
Ul W R - U1 ;R

'_1

'__J' . LT
Bt ONAN WO LON] O

11
16
14
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Storm Period

1926
1927
1927
1927

1927
1927

1927

1928
1928
.1928

1928
1929

1929
1930
1931
1932

1932

1932
1933
1933
1933
193k
1935
1935
1935

1936

1936
1936

Deec. 1-3
Feb. 19-21
March 13%-1b
Mar. 31-April 2
May —— -16
June ~ ~7
Dec. 27-28
Feb. 1-3
March 23-26
April 1-3
May —— -1~
Feb. 2-4

Dec. 12-15
March 3-5
Dec., 2u-27
Feb. 5-6
Mar, 14-20
May —— -12
March 26-28
May —— -30
Dec. 28-30
Mar. 27-29
April 6-8
May — =9 -
I‘«'iay - =23
Jan. 13-15
Fev. 19-21
Aoril —— =17 .

Mi. Shasta

WO T oY

Snow melt
Snow melt

)
10
i3 )
Snow meltb
1)

12
&
16
1
Snow melt
Snow melt
13
Snow melt
9

3
5

Snow melt
Snow melt

e R

Snow mel

TABLE 4 (Cont.)

Past Park

Ft. Bidwell
10 -
3 -
5 ) —
5 ) —
1 —
2 —
11 -
1 —
) 10
Cedarville
5 12
- 10
6 18
b 5
- 1
2 19
L 2
7
30
5 6

Inskip

O FEOR N

[eaRAVI G, I g

O

23
17

o~ W

11

Colfax

N O

OGN AJT ]
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I
o

!

1936

11936
1937
1937
1937

1937

1937

1937

-19%7
1937
1938

1938
1938

- 1938

1938
1938

- 1939

19L0
1940

11940

1940
1940

Storm Period

May — -14
June 6-7
Feb. 11-13
Mar. 10-12
Mar. 19-21
April 13-15
April — -22
May —— ~1b
Nov. 18-20
Dec. 9~12

Feb. 10-13
1938 M

Mar. 11-13

Mar, 17-19

April L5
April ——- 21
May 1’-?* 1 6

May ~— ~June 1

March —- -13
Jan. 2L-26
Feb. 26-28

‘March 28-30

Dec. 21-23
Dec. 2L-26

Mt. Shasta

Snow melt

(U AN : RN =g

Snow mels

Snow melt

1
1

o Ul oVOY G

Snow melt
Snow meld
Snow melt
Snow melb

“

o

g
11
T
16

. TABLE 4 (Cont.)

Cedarville

SOV O N bt = O

PO ONE

Hast Park

15
28

16

Ihekip

s Es

08

: 1
O~y

Colfax

| O

B

NS FND

‘ B
QR 0A\TT G



CHAPTER V

MAJOR STORMS

65, The Séoramenté Storm Type. The rainfall of floodapfbducing
storms over the Sacraménto Bagin is released from moist unstable air
which originates over the polar regions of the northwest Pacific area,
\tfavels‘southeastWara across progressively warmer waﬁers~to aﬁou?’the |
vicinity of the Hawaiian Islands and then northeastward over somewhat
cobler‘Wateréfand oﬁto the continent. Heat and moisture are rapidly
added to‘the,air from the sea surfaéevdufing moch of its journey. The
instability, produced by the rapid increase in temperature of the éir at
the‘sﬁrface, results in vertical motions which carry heaﬁ and moisture.
to gfeater and greater heights., In flood~producing storms’the height”to
which this moist unstable layer extends is approzimately 10,000 feet
before moving inlan&. In the final stages of 1ts movement toward the
coast the air passes ovéf‘cooler water and becomes stable in a shallow
. layer next to'thé sea gurface. This stable layer {gtards release of th@’
potential energy in the moist air until érographic,'frontal or isen—
tropic lifting is encountered. As thé air is borne‘inlandAfrom‘the
southwest'it is acted upon by the unchaﬁging and efficient rain—pro&ucing

mechanism of the- Sascramentc Basin's topography. Because the éirculation

_'51 -




described is impossible with sﬁmmer pressufe distfibﬁmion the storms‘are
naturally'confined to the colder half of thé year.

66. The weather maps analyzed, the‘theoreticalyand statistical
climatology of the region, the opinions of au%horiti;s consulted — all
point tq thé‘paramountrimportance»of the southwest'currenﬁ.‘ Storms‘df
’floddﬁmagnitude have occurred in which the préssure grédient necessary
for a strong southwest current was not often discernible, but during
mogh étoyms the rains ﬁere usually heavieét when the gradient was
stroﬁgeét., Anﬁ, for the basin as a whole,Athg greatest rains have
Qccgrred with the strongest and most sustained southwest wiﬁis. For
that reason it would not be im@roper to call the critical Sacrameﬁto
storm typé’tﬁe "Southwest Type® but, if so naﬁe&;,it should nqt'be con—
fused with the type similarly designated by Reed (79) in his discussion
- of weather ty@es of the northeast Pécific Ocean. Because hé‘was con~
;sidering.the entire WGst coast of the United States, his\“SouthGst
- Type" was restricted to the storms of Oregon northward. With Reed's
theoreticaivpréssure distribution and his lobe or "head" of the Pacific
apticyclone displaced sqﬁthwar@, the type adequately describes the
Sacramento storm. In the next chapter it will be shown thaf‘the parfic~
uwlar constraints imposed by the basin serve to magnify the rainfall
effectivénéss of the southwest wind, apart from any considerations
pu&ely meteorqlogical.

’ 6?.’ Once the #outhwestefly’currenﬁ of moist unsfablevairkis
:estahlished over the basin the occurrence‘of a.flood is‘dependent on the
éersistence aﬂd in%énsity of this flow. A duration of_two_of more days

is necessary. Minor fluctuations in trajectory are unimportant as long
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as the general northeastward movement of the air remains undisturbed.,
Ffontél passages across the region during flood rains may be frequent,
but they are relatively~unim§ortant whehn they\do not appreciably disturb
the southwesterly current of air. The passage of a well-marked front,
bringing a definite shift in wind to west or northwest, is often the
immediate precursor of the storm's ehding. It is followed by compara-—
ti%ely cold and dry, subsidihg éir which séftles in the région of the
mean position of the California—Hawaii anticyclone. Th&ugh the dynamics‘
of the procéSs~are debatable, it is apparent from purely synoptic .
studies that the new cold anticyclone now establishes itself as the
dynamic,'stationary type which results in cessatioh of rainfall for the
Sacramento ‘Basin. ..It is of special importance in the theoretical‘con—
gsideration of the maximum possible storm that the cold thrust responsi-
ble for the re-establishment of such a éontrol is most likely to follow
shortly after the strong southwest current. The pressure'gradient~
required for the létter is part of the intense cyclone that,'ﬁy virtue
of its»intensity,'mustkalso have a strong gradienf‘on.its west and
northwest side whiéh will produce the rapid influx cf new cold air. The
maximum rainfall intensity, in other words,~tends‘to limit its own
duration.

68. It was pointed out in Chapter II, "Dynamic Climatology,"
that the distribution of rainfall within the;basin, as shown by the
isohyetal pattérn, ig the result of the»orographic effect. waever,
the occurrence of the rainfall maxima, although primarily;orographic
in origin, is nevertheless not simultaneous., If we.consider the

idealized storm it can be seen that the orographic,intensities‘and their
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»contémporaneous distributionfwi;i vafy witﬁ the s%orm sector. At any
~sele¢£ed roint, that’is, the orographic effect ﬁill reach its peak of
efficigncy‘at a particular stagé of the storm's progress or aévelqpment.
The sequence can begin with a relatively«cold out stab}e éif mass £ill-
ing the valley, overrun by air that has become maritime tfopical over
Vthe Pacific, with‘the'warm séctof of thévcycloné visible on the surface
somewhere southwest of San Francisco., A§ the surfaceywérm front, or its
ocdluded phase,fapproaches.the coaét, the cold air in the valley becomes
a. current from the south or souxheast.v Abbve it the trajectory §f the
’overrunﬁing ﬁarm~air is’from the southwegt. The cold air in’the basin
Will flow.faiflykparallel to both coast aﬁdASierra ridges but, a8 pre—
viously in@icated, definitely ﬁﬁ‘slope.in the northern part of the basin.\
in that portion thé warm air is not only'moving up slope along the
‘ frontal surface but is being’giﬁen additional 1ift because the cold
wédge beneath ig being 1if£ed. To the warm &ir alof't in this section
'Jthere'will‘be’impérﬁed an additional upward'displacement nOt present in
the warm air‘to the south. The rainfail‘intensity will be incfeased~
(12). Some moisture may be precipitated out of the cold wedge itself as
| a result of lifting and convergence. | | |
| 69, The warm sector of the cyclone will\yarely move iniand, but
when it does, it is likely %o occludeAagainst or Stra@dle the coastal
chain.. ‘Accoraing to Bjérknes ig is in this section that the "puret
orographié effecﬁ will be most no§iceab1e and the intensities’of the
‘very,hjghest-kind (12). Héwever, the brégraphic effect of the Coas%‘
Renge on the warm sector air will beVon§~that canﬁot be observéd’in'the

deeplyioccluded storm. Depen&ing(on the velocity of the wihd in the
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warm sector there will be somé carry—over to the Sacramento side of hhé
coast ridgé., (Precipitation,sometimes attribute&\to carry-over may
actually be caused by convergence of valley air against the 1eéward
mountain slopé.) At this point in the'sequence, though, thercol& air in
the vélley will be at its shéllowest, ané the warm aif can flow“from the
southﬁest‘acrcss the exceptionaily low ridges east of the Golden Gate
(around 2,000 feet) and impinge directly against the Sierras in the
Bowman-Fordyce. area, accounting for another veak of intensity.
- 70. The final frontal effects in this schemati¢ outline will
also vary. In a warm type occlusion the warm sector will be lifted
along tﬁe old cbld wedge ~ which is itself lifted in the north,«t@e,
flow in it being from the south or southeést. Added to this will be the
effect of orographic slope on the air in tﬁe warm sector aloft. A cold
type occiusion, however, will 1ift the o0ld cold air against the north-
south ridge as well, imparting an added 1ift to the warm air. Along the
froﬁtal zone in either/typa dynamic convergence in the warm air will add
to the rain's inftensity. The movement of this final front is from the
west or northwest, ité orientation usually being north—northgast to
écuth-souihwest, and it is thié compounding of factors thaﬁ causes the
late, heavy rain in the héadwéters‘of the American. This is usually the
ylast importént rain of the individual cyclone, what follows beihg mostly
snow in the high Sierras. The new cold air becomes quickly stabilized
by mechahical and dynamic subsidehée. The re-establishment of the
‘Pacific High follows;’ Since‘such'a‘reappearance‘of a stable pressure
distribution rarely follews the warm front type occlusion, it is possible i

to say that the meteorclogical sequence just schematically outlined is
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;more;likely tdlbeVrépeated if the~Qcc1usiqn is of the w§rm type. Auny one
total gtpfm can conaist §f one or mére such seguences, although the only
&emonétrablé evidence of the entire sequence may be the occluded or‘upper
’ffont. ) | |
71. For all stormé of the Pacifi; Coast of the United States, the

3 sequence(of fronts is’similar. AThe air masées‘involvéd do not differ
greatly,,an@ then oniy by reason Qf the varying iengtis of trajectofy
~from. their source région; resulting in moferor less modification, In
_origin and structure the stdrms are all essentially one type. . What dis~
tiﬁguishes‘the‘Séoramento storm is first, of course,'the migratibn of the
semipermanént céntérs‘of action so as to superpose upon the Saoramento
Bagin air of the optimum'moisture content and vélocity of flow."But the
true individuality of the storm is the result of the physicalsstrupture
of the’basin‘\'ln,other reports the Hydrometeorological Section has
i psually been concerned with the effect of the storm upﬁn the regibn.
Heré the concern is with the effect of:the regioniupon the storm, The.
‘Visohyeﬁal pattern is the imyrint of therbasiﬁ on the storm. It‘is’a
charactefistic'function of the Sacramenﬁo Basin. It éannot\be transposed
- from fthe basin, nor can any other patfern be transposed to ﬁhe'hasin,

-T2, .In every such étorm there occur practiéally all the frontal
and;air;mass ty@es that can occur in any other Saéramentq storm of
mo&etate magnitude. Differencesbin pressure distriﬁutioﬁ and gréatef
variations in,SPeed of air flow do notb change its basic’character.‘;lt’
folloWs:then that,‘excepﬁ for négligiblé instances of ﬁnimpOrtantvmagni—
Ztude, the Saoramento‘storms are all éssentially of the same type, differ;

ing Only in orientation and intensity. Becguse the rainy season consists
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of o series of such storms it can, for praotiéal purposes, be considered
~ as one continuous storm differing chiefly;in-ﬁuration frém the individual
storms of which it is the summation. This is why the isohyetal patteiﬁ'
of the individual tdtal storm can be considered as representative of the
mean seasgonal pattern, I% is‘important Yo note that such representativé~',
ness cannot be true of the‘oné;day rainfall pattern, or of the ischyetal -
pattern for any periodAless than the fotél storm period., TUse of any
fraction of the étorm period will naturally stress frontal actiﬁity or
air-mass characteristics at that stage in the storm's existence mmyminor
variations in the general northeastward movement of the air, Only con--
sideration of the total 1life of the storm will properly weight all the
factors of all its stages. | | | |

‘73. In the following sections of this chapter the major storms of
the basin are treated individuwally. B Since the source of all the storms
is the Paoific Ocean, the reliability of the meteorological analyses Was
dependent on the density and accuracy of ship observations. Although
never ideal in number or @istribution, these observations were cénsidered
adeguate from March 1928, Synoptic charis for the four storms from that
date are included in the éppendix;' Symbols used are explained in Figures
684 and 68B. No méps have been reproduced for the storms occurring prior
to March 1928, but the analyses are briefly discussed except in the case
of the 1911 storm, which was not considered important. For each stornm,
except 1911, there are yresented three tables of rainfall values. Two
are for accumulated precipitation -~ one by zoneé and. the other by combi-
nations of zones representing'assigned sub—basins. These can be con-

sidered average mass curves of rainfall;‘ The third table shoWs maximum
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«&ufétion—depth values, répresenfihg avéfage depth(of rainfall fo§~mazimum"
periodsvwithinithe s%érm. \ ThéVtimes indicated iﬁ the tabulétions‘are
Pacific Standafd while all map times are Easterﬁ Stanﬁérd.

'YH. Before proceeding to the individﬁal analjseé it should be
stated that the air masses whiéh uéually produce flood rains in the
Sadramenﬁo BaSin‘may‘propefly be called modified polar airvwhich has
acguired tropical characteristics,'as distinguished from thé moregstable
ftrgpical’d?"equatorial air whichvsometimes visgits the region. in/consia—
ering the synoptic charts reproduced/ih conjﬁnctioh with the ﬁeteoro~
ldgicaiyanalyses it éhogldvbe remembered fhat‘the alr masses variably
dégignated on the charts aé mPk or mTk‘often have very much the same
chdracter. The firsﬁ‘is,béing modified into the second. In fﬁe border-
line circumétances which'these‘charts usually depict, the distinétion
betﬁeen wPk and mTk becomes more or less arbitrary. It should also be
‘borne in min&‘that e%én when the air mass is 1abeiled nTw, it is stable
only in the 1owést layers and idéﬁtical with nTk dloft.w The important
féctié thaﬁ a pressure distribution which permits extensive modificétion’
of polar air,‘énd then persists so as to pro&toefcontinuous southwesterlj“
winds over the basin'for a period pf‘two’or more days, is requisite for -

storms of the Sacramento type.

75. Storm of February 229, 1940, The excessive fainfall which
resulted'in the Sacramento floods of February S?AMarch 6, 19¥0; was éon_
fined to the five{éay pefio&; February. 25-29. prever, the antecedenﬁ~
raiﬁfall, snow:ccver,‘énd ground condition over the basiﬁ were important
contributing factorS'to'ghe flood. During January and Februa?y intenée

cyclonic systems developed at frequeht intervals over the Pacific Ocean
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far south of the ﬁormal position in the vicinity of the Aleutian Islands.
These centeré moved eastward over the océan but curved northeastﬁérd as
‘they approached the Pacific.anst. This sequénce of events resulted in
the intermittent invasion of the area by ﬁarm moist-air which produced
moderate rains to high elevations. »It'accounts for the deficiency of
snow cover over the mountains and the high elevation (about 5,000 feet)
of the snow line. Thus, prior tc the beginning of the‘period of exces—
sive rainfall,véonditions favoring rapid runoff and the~developmeht of a
flood prevailed. The soil was thordughiy saturated, stream and bypass
levels were high, and runoff up to over 5,000 feet in the moﬁntains wa.s
unimpeded by the presence of the normal snow pack.

76. The five intense cycionic disturbances which developed over
the westernkPacific and then moved eastward énd northeastward tdward the
Pacific Coast during the period February 25-29, Figures 69 to 73, were ..
similar to. the intermittenf storms which occurred during Januafyfaﬁd the
earlier paft éf February. The close succession of these centers, each
associated with a well-marked frontal system, produced almost unbroken
southwesterly flbw of moisf unstable éir over thé basin. In general each
frontal passage was preceded and accompanied by a temporary increase in
rainfall intensity and‘followed by a temporary decrease.  Owing to the
‘fact,_hbwever, that the air following the‘ffonts, like the air in
advance, was also moist and unstable after its long trajectory over warm
water, éontinued orographic lifting caused practically continuous rain
over much of‘the basin.

77. The weather‘map for February 25, Figure 69, was characterized

by the cold continental anticyclone that usuwally folloWs or accompanies
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a period of 1oﬁzzohal circulation (§),k'The‘high pressure and cold air -
éiﬁended fiom Alaska:throughyéentral United Sﬁates to the Gulf 6f»Mexico;v
A'Such a stage ih the éirculatipn pattern is'fairly‘typical of the major
Sacraméhto;sﬁqrmS‘in their early stagés. A belt of low pressure with -
hfpur,intense centers stretched along middle latitudes from‘the;Pacific ‘
Coast westward and northwestward towar&lthe Aieutians} South.ofvthese
éenﬁeis’mPk,air wa.s beiﬁg transforme@ into mTk as it traversed the warmer
. wate?s.‘ The thrusts of cold air (ﬁore apparent on the isentropic charts,
Figures T bo 78) behind the -m centers in the trough maintained the‘\ |
temperatﬁrércontrast which, supplemented by the realized heat‘of conden—
sétion,yéupplie& the energy necessary for the‘iﬁ&ividual developments.
As they began'to éccludé, the potential enefgy of mass=distribution was
released to intengify the éeﬁters. The maps for'the following days
indicatevthat each center moved northeastward toward the éoast, became
com@letely(occlﬁded and then began to fill. . Their’élose succession
served to maintain, excepf‘for short%intervals, thé steep preésure
gradient alohg the coast,
78. The'isentroyic charts, Figures 74 to 78, show the passage of

" each front accémpaﬁied by a norﬁhward surge’of warm moist air, accounting
- for the increased intensity of rainfall. The isenﬁropié charts are not
synoptiqywith the suyface weathef maps, bubt the proper positibn of each
front ls indicated and the fronﬁ identified by letter, The'solid‘isobarsb
are similar to the contours of a topographic map énd indicate the eleva~
tions of the»isentroﬁic surface. Tﬁe &ottéd'lines represent saturation
pressures,. which means that‘therair along such a line would have to be

lifted to the indicated pressure before saturation could occur. They are
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therefqre alscylines»of equal specific humidity or mixing ratiq and thus
outline the moisture distribution along the isentropic surface (20). The
value of mixing ratio for sach condensation pressure is shown in the

- table included in’each chart. These charts portray each tongue or,valley-
of upégliding warm moist air associated with a front followed by a ridge
of colder, drier air., HNoteworthy, too, is the steep slope of the final
cold dome advancing into California on the morning of the 29th‘(Figure 78).

79. The surface pressure gradient over the Sacramento Basin was

| steepest between February 26 and 28, Figures 70 %o 72.4 It was during
this @eriod, with the passage inland of fronts B, C and D that an average
of aboﬁt‘T inches of rain fell over the entire basin.  From the isen- |
tropichhafts for Fsbruary 2? and 28, Figuresk76 and 77, the saturated
condition of the air preceding fronts C and D canvbe noted. Convergence,
plus orogfaphic lifting'of this air which was Iflowing inté‘the basin at a
rapid rate, resulted in 12,51 inches of raln at Kennett in 4g hoﬁrs,
16.55 inches at Hobergs, and 15.20 inches at Stirling City.

80, It wiil be ghown from thermocdynamic ;onsiderations.in‘the
following chapter that the winds aloft in suéh,&eeply occludea systems as
océurredrin February 19uO‘are likely to be of the strongest kind., Never-
thelesg, @ comparison of the,surface pressure‘gradient.with the pressure
grédient at five kilometers as indicated bn,the fivé charts, Figures 79
to 8%, demonstrates that even then the gradient decreasedyﬁith altitude.
fhe,fact‘shoulﬁ not, of course, be interpreted to mean that the wind
velocity decreased,with él@vation, since wind speed would also be in-
versely proporﬁionél to the air density which naﬁurally decreases aloft.

Apart from this, the fixed-level charts, which are synoptic with the
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; isenfropic;'show the characteristic flow‘pattérn té be maintained %o
higher le&els. | |

&l. The étorm ended with the;@assage of front B oﬁ Febrﬁary 25;
,jigune 72; The wind shif%ed to a westerly difection, ihe fiow of moist
air into ﬁhe intensé cyclonic‘SystemkWas cub off, the ﬁfessure gradieﬁt;
'along~the northern California coast decreased conéiderably as the systenm
filied an& mpved northeastward, and;rain“ended‘except for é few scattered
insﬁability~showers. Figure 73 fér February 29 shows the re~establiéh~
r*ment of the Pacific High fqllo%ing the invasion of the area by colder
ai%. By thé evening of that dayjﬁhe pressure ab the center rose to
1028 mb: - Tables 5, 6, and 7 give the rainfall values of this étorm,

whose maximum 72-hour value is excée&ed,only by the 1937 storm.

g2. Storm of December 9-11, 1937. Ofrall»thé major storms
studied; the most traly}representaﬁive of the ﬁaximﬁm Sacramenté type is
that-of December'l937. It was characterized by the persistence of a
fs%eep soﬁtheast;northwest gradient that produced southwest winds of |
#early gale velocities ovefrthe basin for aboub two‘daysf With the
"exceptiaﬁ\of the final élearing ﬁ?ont, the frontai passages over ﬁhe
basin were not as wellmmafked'as in the February léMO storm. The pro—-
ceséion of moist tongues,’in other Words,‘wasfso briefly and‘immaterially
iﬁterrupted by the colder and drier tongues that ﬁhe storm’céuld,be
’&escribed as characterized by the persistence of a moist tongue over the
basinf AS in the Febrﬁaﬁy 19MO storm, the region,of principal activity
“Was between a cold, océluded ioﬁ and thé warm, sbutheas%wardly displaced
Pacific High. Between thé two thé temperature ;ontrast was greab But,

as will be indicated in the next chapter's section on maximum winds,

- 62 ~




‘still»not\greaﬁ enough toxcéuse an increase of pressure’gradieﬁt with
height in the critical firs‘h 10,000 feet.
| 83. The weather mapkfor December 9 (Figure 8U) bears a close

resemblance to the first map of the February 1940 series (Figure 69).
The cold continental anticyclone,exteﬁding by way of the central states

’ from Alaska to the Gﬁlf,was again in evidence. Westward and northwest-
ward f:om~the coast were two intense cyclonic centérs dominating the
circulation oﬁer the Pacific. South of thekcenters m?k air was being
transformed to mTk. During the day the centers aévanced eastwafa arnd
continuéd to deepen and gstrengthen. So far south did the huge cyclonic
circulation expand that the temperatﬁre and moisture content of the ailr
brought over the basiﬁ were near the maximum values for December. On the
;Oth, in fact, San'Francisco;reporﬁe& its ﬁaximum‘&ew point for any

- wintér season of record.

g, The combined result of the persiétent gradient, thé southwesd
wind and the high moisture content is presented in the rainfall tabula-
tions of Tables &, 9, 10. Exc‘ept during a short period following the
passage of the occluded front on the morning of December 10 (Figure 85),
there was little diminution of rainfall intensity throughout ﬁhe storm. 
Tor the maximum 72~hoﬁr duration over the wﬁole bésin; it is the most
intense‘of record. Although of comparatively short total duration its
total éccumulated réinfall exceeds that of many flood-producing storms
of much longer duration. The greaﬁest amounts fell in thé Feathér~¥aba
section at elevations bebtween B,OOOyand 6,000 feet. Except cn a few gf»
the higher peaks, the precipitation was entirely in the form of rain. “In

the U& hours ending at 6 p.m. (P.S.T.) of the 1ith about 19 inches of
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rain fell at Scales on the North Fork of\therYuba énd ébout 18 inches at
fInskip and’Bruéh Greek Ranger Sﬁaﬁiﬁn iﬁ the Ncrth and Middle‘ﬁorks of
the Feather respeétively, - |

85. Snow conditioﬁs antecedent to~the’$torm period were,somewhaxk
like thﬁse preceding the February 1940 storﬁ. Heavy rains had occurred
‘Vovér’the upper Sacraﬁento Bagin as eérly as the first week in October and
Vé‘lcng~pr0tracted heavy rainfall followed in ﬁovember. Snow cover had
receded to high elevationg, the ground wés well saturated, but stream
channels andibjpasses were not carrying much waﬁér., On account of the
;abnormaiiy high‘températﬁresband heavy fainfall of the storm, most of
- the prior snow cover ﬁhat>did exist, such as the 12 inches above fhe*
‘6,000-foot level in the headwatersrof the American, melted auring Decem-
'beraiOJ releasing two to threé in§hes of water.i Eoiiowihg the paséage
inland of the cold front on the morhing;of December 11; Figure 87; ﬁhe
héavy,rainfall ende& and the Pasifié High was re-established with‘the
influx of COldér air,

86. Storm of December 8-16, 1929. Of all the storms subjected to

fsynqptic\analysis in this chapter, the storm of Décember 1929 was the
only éne‘which did not produce a major flood, However, antecedent con-

' ditions,,not the’la¢k~of prolonged heévy rains, were the chief fabﬁoré
acting to pfeVent flooding of the Sacramento River and ité tributaries,
Duringithe month of November, only one70alifornia‘staﬁion; outAof a total
of morefthan 250, reported meaéurable precipitation,‘ahd during the first
week in December only scattered light rains were réported. Summit‘(ele~
vation 7017 ft.) in Placer County reported no snow on the ground on

December 7, 16 inches on the 12th, and 11 inches on the 16th. McCloud
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(32?0 ft.)’invéiskiyou County régorted no snow on the ground du?ing the
enﬁire month and Portola (4832 ft.) in Plumas County reﬁorted snow on the
ground én oné‘&éyfonly, 2 inches on Decembef(lo.

87. The circulation pattern which had resulted in the drought cgnm
ditions and which was characterized by the persistence of high;preééuré
along the west coast, suddenly gave way to a new pattern on December 8.
By the ﬁorning of the 9th'ﬁhe‘synopti§ chart showed the famillar coid
continental High, tﬁis~time farther eagt in therUhitad States than iﬁ
ﬁhe\fim days of the storms prevliously described. Again this High
Streﬁohed‘nortﬁward into Canada and Alaska, but from Alaska it bulged
~s§uﬁhward to the 45th parallel in a iarge anticyclonic wedge. South of
the wedge é,comparatively narrow belt of low pressure exﬁen&ed from mid-
conbinent westward into‘the fa? Pacific, The warm, semipermanent Pacific
: High, somewhab strongervand more extensive than in the 1940 and 1937.
stormg, rested socutheast. of its mean position,-

88, lUﬁder~thennew regimé the gradient winds over northern Cali-
fornia settled into southwest, there to reméin for severalrdays,little
disturbed by the passing fronts., The polér front, with itg family of
wave cyolones;\lay in the belt of low pressure, Although most of these
waves occluded;'none occluded as completely as the major developments in
'1940 and 1937, nge persis%ed as stable waves throughout the period
while others were damped oub (Figure &9) as they entered the field of the"
warm, dynamic anticyclone, The'basic temperature contrast across the
front in this storm; ityis important to note,'was often’between warm alr
iﬁ the ‘low pressure along the‘front and the cold antiéyClone to the

- northwest. . In such a situation, as will be shown in the next chaptér,
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the pressure‘gra&ient must decrease with height.
€9. In advance of the first of the cyclones to approégh ﬁhé coast,
the air'flowing inﬁo northern Oalifo;nia,was‘trdpical~Pasifio,,i.e;, ailr
which had traveled around the periphery of the %emipermanenﬁ Pécific -
anticyélone; The Curﬁent of tropical air remained undisturbed by tﬁe 
passage inlandfafhtﬁis é&clone ag its poftioﬁ,of the polar ffont recurved
sharply westward from the Low center over Washington and reached the.
Siskiyou‘Mountains as the southern limit of its movement., The second
\ ane cyclone, partially occiuded ana more intense, swung its portion of
’thé polar f:ont directly across northern~Oaliforhia on December 10 |
(Figure 88) as$ the center moved into the region oéf Vancouver Island and
stagnated. Héaﬁy rains féll during the period from the‘evening of Decem-
ber 9 to'abdutynoonV(P.SfT.j of the‘lOth as'nearly every factor which can,
act to produce intense rainfall was brought‘into play -- inoréésed sou£h~
vwesterly winds in ad#ance of the fronﬁ, convergence in the frontal trough,
/  and the 1ifting action of the cold front itself, Only the inherent’
stability of the tfopioal air preventedrthe higher rainfall intensities
pogsiﬁleffor the given temperature and moisture conditions,

‘90. There‘fOllowe&inext‘a periéd of light rains as the isobaric
rpattern changed temporarily'to anticyclonic, Dbut ﬁhe rate of fall
 increaséd‘again during the aftéénoon oleecember 11 and.cohﬁinuéd strong
until ﬁhe,next front (a rather‘weak occlusion ﬁf 1imitea extent) passed
iaoross ﬁhé Sasin by the early morning of the thﬁ‘(Figure %9). Air flow—k
; iﬁg over the basin was now predominantly ﬁoaifiéd'polar4air. During the
; following‘tWO'days another pair of occlusiéng, moving toward the coast,

“diggipated befdre reaching the continent as they entered the sonthwesterly
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éufreht of the Pacific High.lyGradually the tropical air returned Yo
northern’Califorhia as the primary Sqene of action shifted to tﬁe‘oyclone
which had stagnated off the northwest coast., Temporarily-the head of the
Pacific&High extended northward to cause a cessétion of rain over the
southern portion of the basin., It is interesting to note therinflﬁence
of this anticyclonic circulaﬁion iﬁ producing marked stability. ot only
did the iain oéase; butgcloudinesé &eoreased noticeably despite dew point
readings of 60 F‘or more at San Francisco and Sacramento on the afternooh
of the 13th.

91, Southwestward from the cYclonic center near V@néouverwisland
the low préssﬁre trough became on December 11 the scene of frontogenesis
'betweeﬁrthe'fresﬁ polar air and the modified polar air to the soﬁth. Thé
newly formed front moﬁéd inﬁé‘Washington and Oregon and trailed westward
along the HOth parallel (Figure 89). A wave on this front moved north-
eastward on Debember 13 into the region so recently vacated by the parent
disturbahce,:but‘its influence‘was not felt in California where the
southwest windSaardund the high ridge still held sway. On the 13th
ffontogenesis again occurred in the southwestward extension of the low
pressufe, this time intensifying the cyclone and producing a well-marked
frontrwhich rapidly moved inland EO'northern Idahé by the evening of
December 14 (Figuré 90). Once again wave development over the ocean
prevented a marked frontal passage.ih California, the southward advance
of the cold fronﬁ being checked just south of‘the Sigkiyous.  Rains con- -
tinued Spésmodically for another four or five days as ?ressﬁre‘fell in

the Aleutian-Gulf of Alaska region and the Pacific anticyclone simul-

taneously bub gradually resumed a more normal size and position. The
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magor par% of the rain had fallen by the evenlng of the lﬁth Table 11
shows that ﬁhe maximum 72 hour ralnfall for. the entire ba51n occurred up
’to 6:00 a.m. (P.8.T.) of the 12th and also indicates the percentage of
- the mean seasonal ralnfall to be substantlally below the 1940 and 1937
values. Tables 12 an& 13 give accumulated preclpltatlon amounts by zones
'and’combine& zZones, respectively. The Feather and'Yuba basins received
the”highest amounts, although Kennett iﬂ Shasta Qounty recorded the
<heaviést total pﬁintfrainfgllnyr the storm period: 35.29 inches from
Decémber g to Deceﬁbér 16} inclusive. The egplanation for this exbremely
1arge total in the Kennett area probably lies in the relativé stability
of the air, which in thié storm wés predominantly tropical Pacific;
Bécause stable air resisfs 1ifting,\there‘is a very marked tendenby for
‘,the aif to be deflected northward along the valley floor rather than to
eséape,across'therSierras. Eventually, of course, its mqvement is
blocked iﬁ the landlocked upper portion of the baéin and, with the
force of the pressure gfadient continubu#ly feeding the air into that
‘bottleneck, ascent must;take place with the consequent condensation’and

precipitation.

98.»'Storm of March 22;27, 1928. It is only by coincidence that
the four mest recent major storms, and therefore the four\fér which
‘synoptlc charts are reproduced in this report can be ranked in such a
‘manner as to make their Synoptzc and rainfall values 31gn1flcantly COlile
parable. On the basis of T2-hour max1mum duratlon—depths for the total
basin, they rank in the following deécending order: 1937,‘19H0, 1929,
1928, An examination of the synoptic charts will show fhat the inteﬁsitj

of occlusion, as exhibited by the depth of the cyclonic center and the
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‘ $urface‘pressufe~gradienﬁ,;varies,in exactly thejsaﬁe‘order, The storm
of Marchfl928, in bofh éategbries, is at the bétﬁom5of/the ligt. If ié;ﬁ'
in faét, at the botbtom of a list which inéludes the major;/basin~wiae '
storms yetrto;Be discussed. | | |

93. ‘As shown in Eigures 91 and 92, thfoughout most of the~storﬁ
Ppericd under consideration the polar front was quasi»étationary'from'the
Great Lakes to the vicinity of Hawaii. From March 22 to Merch 25,
sevefal‘non—occludiﬂg waves~£rave1e& along ﬁhe front across northern
California'regulting in variations in position an@ orientation of the -
‘f;ont (§z} over the Sacraménto Basin. ,Until‘ﬁhe paséage of the final
front'(Figure 93) on March 26, the surface pressure gradient was never
’steep and, since the tempefature contrast acxoés the front was‘frdm warin
.Low o coldkHigh, the pressﬁre grédient aloft coﬁld’not increase. Thet
‘ souﬁhﬁesteriy wiﬁds therefore did not attain great velocitieé except'fOr
the brief period preceding the final front which aGCOmpaniea the énly
occlnﬁéd:system‘of the series. It is instructive %o compare the map of
ﬁardh 26,7l928 (Figure 93) with the a.m. map for December 10, 1937
(Figuré 85) and éee that &uring this final period the 1928 storm‘was»ai
"smaller~v§rSioﬁ,of the 1937;‘

‘ 9&.' Despite the presence of a guasi-stationary poiar front aofoss
the'basingdnring much of the period, this storﬁ did. not &iffer egsential-
ly from the Saoramentp storm type. The:rainfbearing/winds were from the
southwest and the air had acquired its moié@ure‘and instability in‘abﬁut'
the usual manner, with the difference that the air had remeined 1dngér in
the more southern latitudes. . It had thus accuired a character more

nearly tropical mari%ime than usual, like the air in the prefrontal
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'tincursionshof the'1929 storm. escattered rains hegan‘over the northern
- portion of the state on March 21, follow1ng a-week when 11ttle or no rain
occurred throughout the state. On the 22nd:ra1nsvbecame general over the
bas1n andccontlnued w1th varylng intensitykthrough March'27,l;With the k
paSsage of each wave, rainfali intensities dncreased as'the attendant
convergencehaugmentedfthe orographic influences‘in producing the vertical
kmotionslwhich wring{fron‘the air dts,ioad of moisturef It,can be assumed
that an upper trough‘and narm moist tongue»accompanied_each waveccrest i
along the front much llke the. tongues accompanylng the occluded fronts
of the February 19”0 storm, as shown on the 1sentrop1c charts. In the
non~occluded case, such as 1928, the tongues would.be smaller and the
rainfall ofklesservmagnitude. |

| 95. The weather_map for 8:00 p.m., March 23 (Figure 91) iliusf
trates the large nnmber’of waves on the polar front.‘ Another interesting
' feature of this map is the apnearance of an 1n01plent cycione at about4
kylatltude 33 N and longltude 14g° W., whlch later develooed into a
kv1gorous center and carried w1th 1t the cold front that swept across.the
basln tocend the rlood~produ01n@~ra1ns. The oath of this Low is plotted
on all the maps. The a.m. map of March 25 (Flgure 92) shows a later
stage in its development. ‘Follow1ng thrs, the Low deepened rapidly and‘
cﬁOVed with increased speed into’the region off‘Vancourer Island. The
4attendant cold front'movedtacross the basinkon‘March é6f(Figure 93),and
the’colder air following it dispiaced the moist southwesterlykcurrent,
immediately dn advance of the coid front‘the southwesterlybwinds reached.
maximum veloc1tres for the storm and durlng’the perlod from noon to 6 p.n.

(P S.T. ) of the 26th the greatest 6~hourlj 1ncrenents of ralnfall were
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‘ recordé&ffor\the enﬁire basin.‘ Instability showeréwcontinuéd for some
' ﬁime iﬁfﬁhﬁ unstable cold”éir*bui; as usual, ﬁhe‘définite shift to west;
‘ erly'Winds‘énded the Stérm.

96, - The rainfall records (Tabies 1k, 15, and lG}yand riﬁer stages.
cleériy indicate;concentration of-précipitaﬁion aiong the west siope of
the Sierrésvin this storm. The Feéther, Yubé; and particularly the
 Ameri§an,drainage systems contributed heaﬁily to the;flboding of :the
- lower Sacramento River. ‘The isohyetal peak'aﬁ Kennétt, commor. to most of
" the éther sﬁﬁrms and to the N,S.P., was missiﬁg”in this stofm.‘ The -cold
air aﬁi1¢w»1evels in the basin, éspeéially the northern porition, was
par#l&'responsible for this;&e@arture.( 1t prevénted tﬁe northwérd
“deflection of‘low l§vel‘air:from the south aﬁdviﬁs subsequent'cénvergence
and 1ifting in the landlocked northern end of -the valley. ‘TheAusuél o
circumstances in the Sacramento(storm~ﬁype'have been &eScribed in the
first’section of thiS‘chabter. In March 1928, with'a’quasi—stétionary o
front across the basin; the low-level win@s to the north of the front
ﬁere‘actn&lly'northerly whereaé in the~ﬁsua1 sﬁorm~§hey would have a
southerly~comp§nent. 1n~adéitioh, as has already been noted, the south—
west‘windé were seldom aé strong in this storm as in some of the §thers.
‘studied. ~Also aating;to prevent the heavier rains in the uppef portion
. of the basiﬁ:and prpduding a, qoncentratioﬁ along the Siérraskwa3~the
anticyclonic deflection of the overrunhing moisﬁ air (22, pp. ll2-114),

9'?.“ $now melt contributed very little to the runoff in this flood.
'ACQOTding'£O %aylér (35)’ naﬁ'no time during the high watérs was there
any snow on4thé flanks of the mountainé, and that on the ground was cbn~

fined %o the extreme altitudes, where there was much less than usually
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‘hasfacoumﬁiated;at this‘ééaSOn—of theiyéér,"

95, fBéfbre éndiné‘£he discussion of the March 1928 storm it is
well o point‘out'that it illustrétés aﬁother feature of the Sacraménio
storm type. Those acquainted with previous ré@drts of thé‘ﬁyar§méﬁeoro-
‘logical'SéctiOH should be struck by the réseﬁblanéé‘beﬁﬁeen thé chief -
 syh0ptic feaﬁurevof the March 1928 storm and the chiéf‘feétufé'of maﬁy:
other ﬁajof storms that have occurred elscvhere iﬁ‘the comtry., In par—
‘ticﬁlar,takCOmpafiSOn‘éan be'made\of>the p.m. mép fdr\Maych‘23; l3é8fV
(?igure‘9l):With the maps for‘Marchléﬁéeﬁg 1913, reproduced ihztheV‘

’ Pittgburgﬁxﬁeéérﬁ (2). The latter was;~of course, an Ohio‘Valléy‘stéfm;
' bp$ bofﬁ sﬁofms aie distiﬁéiiy the quaéi~$ﬁationary frontal typé.\;Invﬁhe
,'Ohid,Valley, and in dthéf regipns where thé\érographic infiuénée is7nat'
‘marke&,fthis‘type produces a defiﬁité‘aﬁd'reéogﬁizabie'isohyétal pattern,
The igohye#é«are elohgatedkellipSGS with their major azes pa?ailelito fhé 
ﬁéan poéitidn;of the'froﬁt; In the'case of the Sacramenfo“Baéiﬁ,f
'howéver,'tﬁe‘occurrencercf the‘quasi—stationaryffronﬁ aoes not,pr§&uce
it charactefistic pattern. The genéral isohyetal pattern of the March
‘1928 atorm iskthé,pattern of all tﬁe other Sacfamento'storms.‘ Ain"this 
‘sform, as in all the othérs, it~is the basin that pro&ﬁces the isohyeta1 

' patﬁérﬁ’é— which is,a°variaﬁtgof the N.8.P. map.

: 99.,'S§orm of December 29, 1913;>t¢'Jaﬁuary 3, 191&.‘ In ite
“general mé%eérolégical aspeot$ this storm was similar to the February
1§MO storm.  Thé number,bf‘&ays in the storm period was six in each case.
The number of fronfs'wés four in this storn and five in 1940, which
accounts in part for the'differenCe‘in tota1 storm rainfall. The

patterns of the frontal‘and‘cyclonic~systems were markedly similar,
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aifhdugh ar analysis of ﬁhe few:ship reports gvailable indicates thatfthé‘
cyclonic centers were approiimately 5° farther"nprth in ﬁhefl913mlh‘storm
than in 19HQ.‘ This'graaterfdistance betw@en the basin and»the'Lcw
céntersdresulted i# loWGr'average gradient wihds‘dver'the critical area
‘énd alsc in =& nofthward'displacemeﬁt of the warm‘sectors\ofithe cyelones
which, bn one'or two days during the storm, Were,far‘eﬁgughrnorth to‘pérm
’imit an ingress‘of’tropicél air-at %he surface.

100. Aﬁ examination oﬁ Tables 18 and 19.reveals that thé,totai
u 3torm‘rainfa1l,ialthough smallef, wa s distributed in much the same menner
as in February 1940. TFigures for percentage. of N;S;P. of the maximum ?2~'
ﬁour raihfall (Tables 5 and 17) follow much the same‘patterﬁ,'zone by
ZOne, for the two storms. In only twe of the zones*aid the 1913~1¥rst0rm -
exceed that of 19&0, Prior tc the general, heavy raing of the storm
g period,ﬁhere had been widespread precipitation«of moderate intensity over
<n¢rtherﬁ California from about the 20th to the 25th of December, followed
by’wi&ely scattered sméll amounts of rainfall on the 27th and 28th., = It
.is,reasonahlekto‘suppose then that the ground over'the‘drainageibasin,
’waé nearly saturated and, with ri#er stages af relatively high levéls,
conditions ﬁere favorable\forihigh runoff and,resultant flood stages

during the storm period. The snow mantle had been increased during the
périod Decémbef 20 to 25Q - Records indicate an‘accumulatidn of snow atb
‘élevations éomewhat below 5OOQ‘feet in the southeastern portion of the
basin and at QonSidefably lowér elevations in the northern’end‘of the
drainage system where McGlcud‘(jE?O'ft.) féported‘a depth,on‘thé grdund

of~23 inches'§n the 29th. This snow cover at McGloud decreased bo 5

inches énring the storm period and at Emigrant Gap (5230 ft.) a snow
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depth of 46 inches on the 29th decreased to 9 inches by Jamuary 1. The
records show that e?en at Summit (7@17 ft.) in Placer County there‘was/a,
- marked dimimution of the cover during the height of the storm. A depth

of -101 "inches was reported on December’30,,and'80‘inches‘anDecembgr 31

and January 1. The observer's notes indicate that rain fell on‘fhe 3lst.

lQi; Stérm of Januafy 23~31, 1911, Thié‘was a minor storm in

comﬁafison_with,éthers‘studie@.V If %as noﬁ Cfiticai‘fcr the basin as a
‘whole. The haaviest‘rainfgll and flood ccﬁiiticns were confinedito‘ths
f‘scutheasieranprtioﬁ. | Two tables éf precipitation data.(Tables 20 and‘
21),gre reproduced and both are‘limite& to the southern zones."Althcugh;
,ﬁoﬁal stéfm\rainfallnwas high fqr these zones, the ?éehourﬂamaunts wéré'<
reiati%eiy light, a§ sthn byrpercentage of,ﬁhe mean seasonal which ih
this storm‘averageg considerably bélow’othér‘storms in this series, On
acéd@ntﬁof the‘limiteé area 6f;critical rainfail there ié no table of

accumulated precipitation by combined zomes.

102. ' Storm of Jamuary 12-16, 1909. The month of Jamuary 1909 vas
' oﬁquf almoé% céntinucus fainkin Galifornia, the‘éverage précipitation
for the state being 6 inches above the nQrma1 §f 10.17 incheés. The
‘interfal Janugrj 18~15 was selected for study, not because the flodd
rainS’hadvsb‘definite a begimning or éﬁding, But rathér because‘thefhighu
eéf stages on the Sacramento River were reached during: that period. The
rainfali fqr.the five days raﬁgea from 20 to %0 per cent of the monthly
‘ktotal. | |

103.',B¢th in fainfallkvalues and prinﬁipal syﬁoptic fe@tufes thei
"storm ranks‘between ﬁhe 1940 and the 1929,  ‘Just as in the others, ité

opening phase was characterized by the cold continental High extending
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in an arc from ﬁhg Gulf of Mexico to Alaska and then, a5 in ‘1929;‘, 5u1g§.n§;
southward}ovef the Pacific. In,the orientation of ﬁﬁe'pélar'ffont‘and .
the”numbér of systems on it, the 1909 storm mostrclosely resembles the
71929'pattérn,-with the important diffefende that the froht is farther
-south andfﬁhe“oéclusions on it more intense. The warm Pacific High‘wés
; naturally fariher scatheast.  As a result of such a displacemeﬁt the
Mtip" of each occlusion (i.e., the apex of each occluding warm sector)
generallykpassed'a ghort distance soﬁth of'thé basin. The successive
:§assage of such crests, which are areas of maximum convergence andk
accompanied by the usual moist tongue aloft, made the concéntration of
" rainfall greatest over'the’southerh part of the critical area, particu—
‘iarly in such ékbasin’as‘thé American. In thié item the storm differed
,ffom fhe 1929 storm, vhich had an excepfiqﬁai peak at'Kennett‘in‘the .
no?ﬁh;/ An additional factor cauSingfﬁhe‘l909 distribution was the south—
ward displacement, albng with,the cther synoptic‘features, of the
' Canadian‘portion of the oohﬁinentalvHigh;"Extfémely coldrair flowed
scﬁ£hward’into Washihgton and Oregon and appeared, though moaifié&; in
nofthern’California with northerly winds, as in the~l928fst0rm‘which also’
laéked thé northern isohyetal peak. ﬁ
'th. At the beginning of théhstqrm peripd,a>bélt of low pressure

- lay appro%imately along the 4Oth pérallel, extending from Colorado west—
ward into mid-Pacific. Within this belt there were two»cyclonic centérs,
reach aésoéiate& with an ocdlusion on the pol&r front which lay along ﬁhé
BOth‘péralleiL A developing wave'appeared éouthwest of the second
éyclonic cénter. By the morning’of January 13 both ccelusions had passed

~ eastward beyond the basin and the wave, having deepened rapidly ard
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reaéhe& the occluélng stége was movzng ncrtheastward toward the Puget
iSoun@ reglqn.{ The followmng EM hours saw 1ncrea31ng southwesterly winds
aérOSS~the ba31n as~thls thlrd system‘reached 1ts maximum intensity and
~the Occlusion approach@&Athefcoast. Rainféll(diminishedfiﬁ infensityufor o
a timeréfter the occluded front hédvcrossed the baéin‘aﬁd c&uséﬁ'é slight
‘ veer1ng‘of the w1nds, but resumed its greater rate durzng the evenlng of
~ the 1&th as the winds backed sllghtly and increased An speed w1th the
“‘approach of still another frontal system., This time the Low center mqvéd
inlaxl even farther north than its fredeceséor.‘r The'ffont, driented
nbrthéast—southwesﬁ crossed northern Gallfornza &urzng the nlght of the
lEth and early morn1ng of the 16th. The w;nﬂs veered sharply and,brcughﬁ
the familiar cessatlon of contimuous torrential rains. Erbntal acti&ity ,
continﬁéd for some dayé‘after the 16th but, at least for,severél,succéed—
b"ing days, rainfall was lighter because the pélar,front gradually moved
, fafthér’north and the air following each cyclonic disturbance hadfnop/
ﬁeén carried\séuthward far enough to attain maximum moistﬁie content;
105, Snéwfall records:frém Emigrant.G@p‘(eIEVStion £230 ft.) indi-
cate on January 1l an accumulation of 10 inches whlch dlsappeared com— .
pletely by the 1H5th. Summit (7017 ft. ) reported an accumulatlon of 121
‘ 1nches on the 1lth which increased to 127 1nches on. January lh and fell
to»89 inches by the 17th. - Thesge records, ccqple& with a knowledge of
‘ tempera§uré céﬁditionsy(average;of 5 aegreesfabove»nor@al,from,Jahuary 11
to 17ﬂfor“éix stations selected at random) indipate a large coﬁtributibn
:bf‘snoW melt7to the storm runoff. The precipitation values are given in

Tables 22, 23, and éﬁ.

106. Storm of March 16 to 20, 1907. Several prolonged periods of
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precipitation during Januvary, February, ahd the early part of March had
p;oduced somekflood stages on the Sacramento and its tributaries. Zach
succeeding storm addéa conéiderably to the accumuiation of snow‘in the
high Sierras above an elevation of aboutb 60@0 feet. Most significant was
the deposition onto bare ground of a fresﬁ.snow cover*down to an~eleva%
ficn of about 2500 feet during the pericd from March & to 12. Snow
depths slowly diminished during ﬁhe next three days but, when the heavy
rains set in on the 16th; rapid melting of the fresh snow,cover began.
Outstanding among records examined were those of Deer Creek (3700 f£%.)
anﬂ.Emigrant Gap (5230 ft.). At the former station a snow coﬁer of 29
inches on the 12th disappeared by the 18th, and at the latter station Hg
inchgs of snow on the 12th diminished to a trace by the 19%h. On - the
basis of available regords it can be conservatively estimated that the
snow line, which was near 2500 feet at the Dbeginning of the storm period,
receded to an elevation of about 5500 feet by the 19th. kNo aftempt wa.s
made to determine the contribution of thié,snow melt to the runoff for
the basin becausersnow depth records are concentrated mainly in the
American and Yuba drainage s?stems whiie‘little ig definitely known abcuﬁ
other portions of the basin. 'Nevertheless, it is certain that the éon—
tribution of snow melt to runoff was far greater in this stcrm than in
any of the other storms studied, with the possible exception of the~1861—
62 storm for which even fewser records are available. |

107. 1In orientation an& position of the majdr‘frgntal system the
1907 storm resembled‘the storm of March 1928.\ On March 15 the polar
front moved southeastward across the coastal states and by the‘morning of

A}

the 16th had become praétioally stationary across Califorhia near the

z
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southern end of the San Joaquiﬁ Vailey. ‘Bain‘began eérly on the 16th as
tropical Pac%fic air overran the cooler air north of the fronf. Three
wave cyclones moved directly acrcss the Sacramento Basin between the
evening of ﬁhe 16th and the,night of therl9th. As each partly occluded
wave crossed the basin the fronfal rains augmented the oontinuingkéro—
graphic rainfall, pfo&ucing peaks in ihtensity. With the approach of
’ each cyclonié‘center the sgurface itropical air moved inbo the southern end
of the Sacramento Valley and witﬁ the passage of the cyclone was replaced
by modifiei polar air which had traveled southward to about 300 1atitud§
before returning as a southwesterly wind behind the ﬁccluﬂing wave . In
this sborm & considerable amount of rain Tell from tropical Pacific air,
althcugh maximum rainfall intensities occurred whenever the modified
polar Pacific air followed the occluding waves across the basin;

‘lég; According to Scarr (§§)? this period of,heavy rainfall
",.. was accompanied by unusually warm weather, espeéially at the higher
altitudes, causing rapid meliting of the soff snow and a runoff probably
the heaviest since these valleyé have been inhabited by civiliéed people
cewes  All previous high-water reéérds wers sﬁrpassed at all points on éhe
 Feather, Yuba, and Béar Rivers, also at ali’points on the Sacramento
River, K¢ept Red Bluff and Sacramento.... Uhdoubtedly this flood was
the greatest'since the lowlénds of the Sacramento and San Joaguin Valleys
héve,been reclaimed to any considerable extent. It is probable that the
~ volume of water discharged was equal to 1f not greater than that of 1862,
referre& to as the igreat flood'."! The storm's fainfall values are given

in Tables 25, 26, and 27.

109, Storm of January 11-19, 1906, During this storm period

B3
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phenomenai améun%s of'réin fell over ﬁuch éf the Sacramento Basin. The
stations reporting the largeét amounts were! Helen Mine 38.13%, Magalia
35.29, Stirling City 3%.32, La Porte 29.3%2, Fordyce Dam 28.03, Pilot
Creek 27.56, and Brush Creek 27.06 inches. These are totals for the
entire stofm period which, it can belseen, wasg uﬁcammonly 1ong;: The 7=
hour maximum depth's percentage of N;S.P. was only 15.6 fof the total
basin (Table 28). Only the March 1928 storm has a lower corresponding
value, |

110. Prior to the storm period the season had been(unnsually dry
and cold and conditlons were notkfavorable‘for rapid runoff, In addi—
tion, above the H000~foot level, most of the storm precipitatiOﬁ occurred
in the form of snow. In the Ameriéan Basin,’from January 10 to 19 the
enow dépth increased from 23 inches to 157 inches at Summit (7017 f%.)
butb at’Blue Canyon (X695 ft.) it increased from 5 %o 12yinchés and then
decreased to 2 inches. At Fordyce Dam (6500 ft.), in the fvba, it
increased from 31 to 99 inches and from 28.5 to 40 inches aﬁ La Porte
(5000‘ft.), also in the Yuba. The antecedent cpnditions, the small con~
tribution from melting snow, and the storm snowfall at the higher eleya-—
tiong prevented more than molderate flooding of the basin.

111. Because of the scarcity of oceanic and Canadian observations
the meteorological ?attern of this storm is not too clearly definedf The
usual cold anticyclone in the central states was evident in the early
stages. -It is also apparent that during most of the storm period the
persistence of a low pressure center of varying intensity off the Washm
ington coast governed the circulation over the coastal stateé; The air

generally flowing over northern California was moist unstable peolar air
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which had assumed tropical characteristics and its direction was predo@iw
- nantly southwesterly.r ﬁ
1i2. ZFrom the 1lth through the 16th three peric&s of gxﬁended

1ight,to moderate precipitationkpreceded frontal paésages on the morning
of the 12th, the evening of the 13th, and the morning of tﬁe 16th. |
Precipiﬁation started well in advance of each of the fronts but, as usuai,é
wés heéviest for several hours just @rior to the frontal passage due %o
increased transport énd convergence of the éoist unstable air, At each
rassage the wind shifted to a more westerly direction and, as in the
other storms, the precipitation ceased temporarily except for light
amounts\dns to the orographic lifting over S§me of the high regions.
During the 17th and 18th a wave on the front which then lay southwest of
the Sacramento Basin dévelope& into a major cyclonic systeﬁ. ~ The pres—
Sﬁre gradient over the basin steepéne& considerably and with the usual
results — 5 to 10 inches of precipitation in 24 hours over the western
slo?es of the Sieria Nevada Mountains. The increments by zone are con—
~ tained in Tables 28, 29, and 30. The rain periocd ended on the morning of.
~January 19 with»thé passage of a well-marked cold front and the invaaién
of the area by cold air that re-established the Pacific High,

113. Storms of January 1862, In the preceding chapter an account

was given of the rains of the winter of 1861-62. In this section an
attempt is made tb reconstruct the méteorological pattern of the January
gtorms which were responéible for the highest stages observed at Sacra—
mento up to that date. Métebrological data were, of course, extremely
limited. fridaily observaﬁgoné wefe available from eight California

gtations, located from San Francisco northward, and operated by the
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Smithsonian Institution and the Surgeon Géneral's.Office. Supplementary
information was obtained‘from accounts of travelers through thevSaorémen—
to Bagin and from historiess of the period, From thesevmeagef clueg it is
possible to infer certain broad features of the meﬁeorclogical situation.

114, On January 5, 1862, the polar front w&é locatedjsome distance
south of San Francisco, extending east-northeastward and westwafd as a |
- quasi-stationary front much like the one in the March 1928 sﬁorm (see
Figures 91 and 92). The important differenoés between the two storms are:
’that in 1862 the front was farther south and the temperatures horth of
- 1%, particularly in the Sacramento Basin, were 10Wer. Between JanuarytE
and 7, 1862, wave action on the quasi-staticnary front ceused rain near
Sacramentc and snow to moderate depths but a short distance northward.

- By the 7th a cyclone had developed on the polar front over the Pao?fic.
As a result there was increased overrunning of moist air northeastward.
Warm rains and rising témperatufes occurred over the basin as the polar
front east of the new cyclone fecedad northwafd in advance of the
cyclone's norfheastward pfogress. This final seguence alsé bears a closé
‘ resemblance %o the final stages of the March 1928 storm (Figures 91 to
93).

115. As in the 1928‘storm, there is little évidence of a strong
écuthwesterly current except in the latter stages of the final cyclonic
development. In both storms the guasi-stationary frontal pattern is
sharp enough tc induce northerly winds in the cold alr in t@e valley,'
always an unﬁsual circumstance. The most impoftant conclusion to be
drawn from thel1862 Sunence of events is the possibility of rapidk

transition from significant snow cover over most of the basin — with the
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concomitbtant of saturated or frozan s0il — to warm, heavy rains. Follow;‘
ing stages aiready bankful, such a combination of events will naturally
prcduée an'extréme flood. o |

. 116. By the morning of Jamary 15, colder stable air had again
~invaded ﬁhe basin. The polar front was again displaced southward and, so
far’as can be détermined, the frontal and cyclonic pattern‘of the earliier
storm repeated -— at least between the 15th and 17th. ¥or this period no
snowfall information is available. However, as late as Januvary 29, a
snowfall of threerincheS‘in 18 hours was recorded at Sacramento. Up to.
that date there was no definite cessation of either precipitation or

flooding.
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TABLE 6

SACRAMENTO BASIN STUDY

 ACCUMULATED PRECIPITATION BY ZONES

February 24-29, 1940 Storm

(6~Hour Periods)

Zone

Period

Ending

(P.S.T.)
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TABLE 7
SACRAMENTO BASIN STUDY
ACCUMULATED PRECIPITATION BY COMBINED ‘ZONES
% February 2H4-29, 1940 Storm
‘(6~chr Periods)
Period : Yuba | Feather Upper © Entire

Ending (HC:) : C(eT) Basin
(P.s.7.) :

o
L

N/eh
6P /ol
M/ 24
6A/25
n/25
6P /25
M/25
6A/26
N/26
6P/26
- M/26
6L/27
N/27
6p/e7
M/27
6L/28
/o8
6P/28
- M/eg
64/29
N/29
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© TABIE &
SACRAMENTC BASIN STUDY
MAXIMUM DUEATION;DEPTH’VALUES
‘Decémber 1937 Storm :
Percentage

(Duration—Hours) | N.8.P. (72
hrs. ending.

[oa
=
nJ
Lo
[N
no
=
Ll
(SR
-
a3
O
N
=
[#2]
e

Lug. 6A/12, P.S.T.)
A 2.7 L2 5.9 7.4 10.0 11.1 11.5  11.5 35.4 - 32.5
B 0.8 1.5 1.7 2.3 3.2 3.9 k.o h.2 20.7 19.8
. 1.4 2.6 3.8 b2 6.3% 7.7 g4 - g.u Lg.6 - 15.7
D 1.9 3.6 5.0 5.6 8.% 10.5 11.5 11.6 51.8 21.4
E c1.7 3.4 3. - 5.0 6.8 9.0 9.5 9.5 31.6 - 29.8
F 2.7 5.4 6.4 7.3 11.5 14,1 4.9 - 15.0 59.6 25.0°
G 2.9 5.0 6.8 2.3 12.9 15.4 16.7 16.8 71.% 23.%
J - 1.3 2.5 3.8 4.6 6.3 8.0 8.7 8.7 3%.2 26.2
K 1.6 2.9 4.1 5.2 6.9 g.2 8.9 8.9 L9 7 17.7
L 1.5 2. 3.1 3.7 5.2 6.0 6.1 6.1 27.4 - 22.3
M 2.7 .6 . 6.2 8.1 10.8 2.2 12.7 - 12.7 Uz.8 29.0
N 2.0 3.7 5.5 - 7.0 9.1 . 10.8 11,3 11.7 63.7 . 18.0
P 1.2 2.1 3.1 L2 LR 6.0 6.2 6.2 . 22.9 26.2
HCy 1.9 3.9 L6 . 5.7 8.7  10.4 11.3 11.4 57.8 19.0
G 1.6 3.1 4.5 5.4 g.2 .10.0 10.8 11.0 43.9 ou.6
KIMNP 1.3 2.5 3.6 4.8 6.8 7.8 8.1 g.2 31.6 25.6
Total 1.3 2.4 3.5 b.6 6.8 7.9 2. 8.6 37.1 22.9
Max. Period o o : ‘ . :
Ending* N/10 N/10 /10 6A/11  6A/11  W/11 6A/12  WN/12

(P.s.T.)

*Applicable only to the total basin.



TABLE 9

SACRAMENTO BASIN STUDY

ACCUMULATED PRECIPITATION BY ZONES

)

December 9-12, 1937 Storm
(6-Hour Periods

M

Zone

Period

Inding
(p.s.m.)
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- TABLE 10
- SACRAMENTO BASIN STUDY
ACCUMULATED PRECIPITATION BY COMBINED ZONES

 December 9-12,. 1937 Storm
(6-Hour Periods)
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PerCentage

(72
-ending -
6A/12, P.S.T.)

N.S.P.
hrs.

N.S.P.

120

TABLE 11
December 1929 Storm
(Duration—;HourS)

SACRAMENTO BASIN STUDY

MAXIMUM DURATION-DEPTH VALUES
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HC

GJ

KIMNP

Total
Max. Period

6A/12  6AJ12  6A[13

6P/10

‘6A/1o

M/11  6A/12 6A[/10 6A/10
* Applicable only to the total basin.

Ending*
(P.S.T.)



TABLE 12 .

SAGRAMENTO BASIN STUDY |

ACCUMUTATED PRECIPTTATION BY ZONES

December 8-16, 1929 Storm

(6~Hour Periods)
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....'{6 -

Zone A B s

Period

Ending

(p.s.T.)
6P/13 7.8 3.9 11.3
M/13 8.1 3.9 11.3
6A /1L 8.8 Lo 11.h
N/1h 9.2 h.5 114
6P /14 10.1 4.8 11.5
M/1k4 10.% 5.0 11.5
64/15 12.0 5.2 - 11.5
N/15 12.2 6.2 11.9
6p/15 12.3 6.4 12.7
M/15 12.3 6.4 12.8
6A/16 12.3 6.4 12.8
- W/16 12.3 6.4 12.8
6P/16 12.% 6.4 12.8
12.4 6.4 12.8

M/16

11.6
11.6
11.7
11.7
11.7
11.7
11.7
12.1
13.0
13.2
13.2
13.2
13.2
13.2

LOVOAD WO WO WD 00 08 00 CR ONYONYON
*

TABLE 12 (Cont.)
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. TABLE 13
- SAORANENTO BASIN STUDY
ACCUMUTATED PRECIPITATION BY COMBINED ZONES
Decemﬁer 8-16, 1§29;Storm )

- (6~Hour Periods)

Period TYuba Feather Upper ‘Entire
Fnding V (HOl) : {ar) Sac, Basin
(p.s.1.) | (KTMWP) &
64/8 o 0.1 0" 0
N/g 0.1 0.4 0.3 0.3
6P/ 8 0.8 0.5 0.k 0.4
M/8 1.6 1.5 . 0.6 0.9
6A/9 %04 1.7 0.7 1.2
N/9 4,2 2.2 1.% 1.7
6P/9 5.0 4,0 1.9 2.k
M/9 6.7 5.6 2.4 3.2
64/10 9. 6.3 2.7 3.8
/10 10.0 6.9 2.9 bhop
6P/10 10.2 7.2 7.1 I
M/10 10.% 7.7 3.2 L5
6A/11 10.7 8.5 3.4 b.g
w/11 10.7 9.0 3.8 5.1
6P/11 11.0 9.6 h.o 5.5
M/11 12.8 11.4 5.0 6.6
6A/12 1,1 12.% 5.4 7.1
N/1e 14U 12.5 5.6 7.2
6p/12 14,6 12.5 5.6 7.3
M/12 15.8 13,7 5.8 7.8
6A/1§ 16.3% 14.6 6.2 8.2
N/13 16.4 4.6 6.3 g.2
6P/13 16.4 1.6 6.3 g.2
M/13 16.4 14,6 6.3 8.2
6A/1kL 16.4 14,7 6.6 8.5
/1l 16.4 15.4 7.3 9.0
6P/ 1k 17.1 16.6 7.6 9.5
M/14 17.% 17.2 7.8 9.8
6A/15 17.4 17.6 8.3 - 10.1
/15 18.3 184 .9 .10.8
6p/15 19.% 19.0 9.2 11,2
M/1% 19.6 19.2 9.% 11.3
6A/16 19.6 19.2 9.4 11.%
/16 19.6 19.2 9.4 11,4
€P/16 : 19.6 19.2 9.4 11.4
M/16 19.6 19.2 9.4 114

i
\Xe]
o
I



TABLE 14

SACRAMENTO BASIN STUDY

MAXIMUM DURATION-DEPTH VALUES

March 1928 Storm

" Percentage

(72
ending

N.S.P.
hrs.

(Duration--Hours)

6p/26, P.S.T.)

N.8.P.

120
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EKIMNP -

. Total

Max, Pericd

M/26  6P/26 6P/é6 M/26  M/26

6P/o6 6P/26 M/26 6P/26

Ending®
(p.s.T.)

* Applicable only to the total basin,
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TABLE 15

SACRAMENTO BASIN STUDY

- ACCUMULATED PRECIPITATION BY ZONES -

(6-Hour Periods)
E

Mareh 21-28, 1928 Storm

. Zone
Period -
Ending
- (p.s.T.)
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TABLE 16
SACRAMENTO BASIN STUDY
ACCUMULATED PRECIPITATION BY COMBINED ZONES |
Mafch 21-28, 1928 Storm

(6~Hour Periods)

Period Tuba. Feather Upper Entire
Ending (HCl) , (GJ) Sac. Basin
(p.s.T.) - (K1MNP)
6P/21 0 0 0.1 0
M/21 0 0 0.2 0.1
bA/22 0.2 0.4 0.5 0.3
N/22 0.7 0.7 0.8 0.6
6p/22 1.4 0.9 0.9 0.8
M/22 1.7 1.5 1.1 0.9
6A/23 2.1 1.7 1.3 1.4
- N/23 3.2 2.0 1.5 1.7
6P/23 b7 2.9 1.9 2.1
M/23 6.0 3,7 2.2 2.8
- bA/ak 6.2 3.8 2.2 2.9
N/24 6.4 3.9 2.2 2.9
6P/ ok 7.3 Loy 2.6 3.4
M/2k 9.2 5.5 3.1 4.1
6A/25 10.5 6.0 3.2 b5
N/25 10.7 6.3 . 3.2 4.6
6P /25 11.6 7.3 . %6 5.1
M/25 12.5 7.8 4.3 5.6
6A/26 12.8 7.9 U3 5.7
N/26 13.8 8.5 4.6 6.0
6P/26 14.6 10.0 6.0 7.2
M/ 26 15.2 10.7 6.2 7.5
Yy 15.4% 10.9 6.2 7.6
N/27 15.6 11.0 6.2 7.7
6P/27 15.8 11.0 6.U 7.8
M/27 15.8 11.1 6.4 7.8
64/28 15.9 11.1 6.4 7.8
N/28 15.9 11.1 6.U 7.8

— 95_..



TABLE 17

SACRAMENTO BASIN STUDY

MAXINMUM DURATION-DEPTH VALUES

December 1913-January 1914 Storm

Percentage

(72
ending

N.S.P.
hrs.
6A/2, P.S.T.)

(Duration4~ﬂours)‘

N.S.P.
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HCI

GJ

KIMNP

Total
Max. Period

Ending®.
(p.s.T.)

‘M/zo  M/30 6431 6P/31  M/31  6A[2 /2 6A/3

/30

* Applicable only to the total basin.




TABLE 18

SACRAMENTO BASIW STUDY

ACCUMULATED PRECIPITATION BY ZONES

‘December 29, 1913- January 3, 1914 Storm

"~ (6-Hour Periods)

Zone

Perioi

Ending

(p.s.m,)
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TABLE 19
SACRAMENTO BASIN STUDY
ACCUMULATED PRECIPITATION BY COM_B’INED ZONES
December 29, 191% — January 3, 1914 Stormr‘ ‘

(6fHour Periods)

Period : Yuba Feather © Upper Entire
Ending (HGl) (aJ) - Bac. Basin
(p.s.T.) ‘ C(xnmp)
N/29 0.1 0.2 0.2 0.2
6P/29 0.5 0.5 . 0.6 0.6
M/29 0.6 0.6 0.6 . 0.6
64/30 0.7 ~ 0:8 0.7 0.7
/30 1.3 1.4 1.3 1.3
6P/30 - 2.7 2.6 2.7 2.6
- M/30 5.3 4.l hooo 4.0
6A/31 6.5 T 5.6 4.5 4.6
N/31 7.3 6.6 4.6 5.0
6P/31 8.8 7.5 5.1 5.7
M/31 9.6 8.1 5.3 6.1
6A/1 9.9 8.3% 5.3 6.2
N/1 9.9 g.h 5.% 6.2
6P/ 10.0 8.8 5.5 6.4
M/1 10.3 9.4 6.0 6.8
bA/2 10.8 - 9.9 6.6 7.3
N/2 11.5 10.2 7.0 7.7
6P42; 11.6 104 7.0 7.7
M/2 11.6 0.4 7.0 7.7
6A/3 11.6 104 7.0 7.7
N/3 11.8 10.4 7.2 7.9
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Percentage
64/31, P.S.T.)

N.S.P.
hrs.

F.8.P.

120

TABLE 20
SACRAMENTO BASIN STUDY
J. anuary 1911 Sﬁorm
(Duration——Hours)

MAXIMUM DURATION-DEPTH VALUES
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TABIE 21

SACRAMENTO BASIN STUDY

- ACCUMULATED PRECIPITATION BY ZONESVV

January 23-31, 1911 Storm

)

(6-Hour Periods

GJ

HCI

Zone

'Period
- Ending
(p.s.T.)
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TABLE 22

. SACRAMENTO BASIN STUDY

MAXIMUM DURATION-DEPTH VALUES

January 1909 Storm

Percentage
N.8.P. (72
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* Applicable only to the total basin.



TABIE 23

SACRAMENTO BASIN STUDY

AGCUMULATED PRECIPITATION BY ZOWES

January 11-16, 1909 Storm

(6~Hour Periods)

M
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TABIE o |
’ SACRAMENTO BASIN'STUDY
 ACCUMULATED PRECIPITATION BY COMBINED ZONES
| k)Januafy 1l—i6,,1909 Sﬁorm’
(6-Hour Periods)

Feather : Upper Entire

Period Yuba
Ending (HOl) . (cJ) ~ Sac. Basin
(p.s.7.) (xmMP)
6P/11 0 0 o 0
M/11 0.2 0.2 0 0.1
6A/12 - 0.2 0.2 0 - 0.1
- N/12 0.2 S 0.2 0 0.1
6P/12 0.5 0.3 0.1 0.3
M/12 2.1 1.0 0.7 - 1.0
64/13 2.9 1.4 0.8 1.2
N/13 2.9 1.5 0.8 1.2
6P/13 b.h 2.1 1.0 1.8
M/13 5.7 3.6 1.8 2.7
pA/1L R by 2.1 3.1
/1l g.2 5.0 2.5 3.7
6P/1k4 9.6 6.0 2.6 .o
M/ 14 10.7 7.2 3.2 4.9
64/15 12.4 8.0 . 3.7 5.6
N/15 13,2 8.9 3.9 5.9
- 6P/15 13.9 9.4 .3 6.4
M/15 k.7 9.9 - 4.9 6.9
6A/16 15.7 10.5 5.1 7.3
N/16 16.1 11.2 5.3 7.6
6P/16 16.1 11.2 5.4 7.7
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| DABIE 25
SACRAMENTO BASIN STUDY
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Marcﬂ 1907 Storm
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Total
Max., Period



TABLE 26

SACRAMENTC BASIN STUDY

ACCUMULATED PRECIPITATION BY ZONES

March 15-27, 1907 Storm

(6-Hour Periods)
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Period
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(P.S.T.)
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Period .

Ending
(p.s.1.)
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TABIE 27
S&OBAMENTO BASIN STUDY
ACCUMULATED PBEGIPITAEION BY COMBI&ED ZONES'
March 15-27, 1907 Storm
(6—~Hour Periods)

Period Yuba Feather Upper
Bnding (HCy) - (a7) ' Sac.
(P.s.T.) , (krave)
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6A/16
N/16
6P/16
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6P/20
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- TABLE 27 (Cont.), ‘

Period ; Yuba Feather ; Upper - Entire
Ending (HCl) . (¢r) Sac. Basin
(p.s.1.) - ; (ETMIP ) ,
M/20 15.8 : - 13.9 6.5 8.2
6A/21 16.0 13.9 6.5 8.&
- /21 16.1 13.9 6.7 8.
ep/e1 . - 16.6 - 1hs 6.9 8.7
M/21 17.2 14,7 6.9 8.8
6afee S 17.2 4.7 6.9 8.8
N/ee 17.2 1.7 6.9 - 8.8
6P /22 : 17.3 4.8 7.1 8.9
M/22 17.9 ' 15.8 7.8 9.6
6A/23 18.7 16.6 g.2 10.1
N/23 20.3 16.9 g.h 10.6
6p/23 20.9 17.7 8.8 11.0
M/23% 21.3 ' 18.1 &.9 11.2
bAl2k 21.6 18.7% 8.9 11.4
W/2k ~ 21.9 18.6 9.0 11.5
oP/eh, 22.1 18.8 9.2 11.8
M/ 2L 22,2 19.2 9.3 12.0
6A/ 25 22.6 19.4 9.3 12.1
/25 23.0 19.5 9.% 12.1
6F/25 23.4 19.6 9.% 12.2
M/ o5 23.5 19.6 9.5 12.3
64/26 23.7 , 19.6 9.5 12.3
N/26 23.8 19.7 9.5 12.3
- BP/26 . 23.8 19.7 9.5 12.4
M/26 2%.8 15.7 9.7 12.4
. BAf2T 23.8 19.8 9.7 12.5
N/27 ‘ 23.8 8 9.7 12.5



TABLE 28

SACRAMENTO BASIN STUDY

MAXIMUM DURATION-DEPTH VALUES

January 1906 Storm

Percentage
N.s.P. (72
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* Applicable only to the total basin.



TABLE 29

SACRAMENTO BASIN STUDY

ACCﬁMULATED PRECIPITATION BY ZONES

January 11-19, 1906 Storm

(6—Hour Periods)
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TABLE 30
SACRAMENTO BASIN STUDY |
ACOUNULATED PRECTPTTATION BY COMBINED ZONES
January li~19, 1906 Storm
.v‘(6fﬂour Periods) |

Period Tuba Feather Upper Entire

Ending ,(Hﬁl) , (aJ) Sac. "~ Basgin
(P.5.T.) ‘ - (KIMNP)
W/11 o 0 0 0
6P/11 0.1 -0 0.2 0.2
M/11 0.6 0.6 0.8 0.7
6A/12 1.1 1.1 1.5 1.4
N/12 2.2 2.4 1.7 2.0
- bR/12 2.7 2.8 1.8 2.1
M/12 2.8 2.8 1.9 2.3
6A/13 3.5 3.3 2.1 2.6
/13 5.1 bz 2. 3.3
6P/13 6.6 5.1 2.8 3.9
M/13 7.3 5.4 3.0 k.1
BA/1M 7.5 5.4 3.0 b2
N/1k 7.5 5.5 3.0 4.2
6P/ 1l 7.5 5.5 3.1 4.3
M/1b 8.0 5.9 3.5 b6
6A/15 9.3 6.8 3.7 5.1
N/15 10.0 7.4 3.9 5. U
6P/1%- 10.2 7.7 4.2 5.8
M/15 114 8.6 5.1 6.6
bA/16 12.1 9.4 5.7 7.1
N/16 - 12.8 10.3 6.1 7.6
eP/16 1%.8 10.9 6.3 - 8.1
M/16 14,3 11.0 6.3 g.2
6A/1T 1.5 11.0 6.3 8.2
- N/17 14.6 11.0 6.3 g.2-
6P/17 15.9 11.7 6.7 8.9
M/17 17.7 12.8 7.3 9.6
bA/18 18.9 1.2 7.9 10.3%
N/18 19.2 15.1 - 8.0 10.6
6P/18 20,2 15.6 - 8.9 11.5
M/18 21.5 16.8 9.4 12.4
6A/19 21.9 17.0 9.7 12.5
/19 23.0 17.0 9.7 12.5
6P/19 23.0 17.0 9.7 12,5
M/19 23.0 9.7 12.5
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CHAPTER VI

MAXIMUM POSSIBLE PRECIPITATION

117. The General Theory. A theoretical method of determining the
maximim possible precipitation over an area in a given times was developed
in Chapters I and iI of the Pittsburgh Report (g).‘ In the Sacramento
study the theory must be modified to take into account the effect of the
orographic barrier. However, in its most general terms the theory states
_that the volume of precipitation over an drea in a given time is not
greatervthan the product of the tﬁtal number of unit’columns entering the
area and the amount of moisture which éan be precipitated out of each
column, Aésuming that a1l of the air crossing a given line ﬁormal to the
inflow direétioﬁ will flow over‘the area, the average‘depth of precipita-
tion R may be expressed by:

RS MU | | (1)
_ where X is‘the length of ﬁhe 1ine normal to the inflow direction, v
the velocity of fiow, M the amount of moisture which can ‘be precipitated

out of each unit colum, .+t time and A area.* It is obvious that the

solution of this equation must be geometrical as well as meteorological.

* The symbols used in this chapterAare recapitulated on page 160.
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The geomstrical portion of the equation is X/A,’ which may be called the
basin constant X, |

118. It is possible to cilrcumscribe a rectangle abouf any basin,
such that oné pair of sldes is normalyand the other pair parallel to a
given inflow direction. Let lAr be the‘aréa oflthe.rectangle, Ab the
area of the basin, and x the length of the side normal %o inflow. If
we asSume éll of %be precipitation cbnfine& within the rectanglé, then“
K o= EE‘; but if the further restéiction’beAimposéd fhat all of thé pre—
cipitatioﬁ fall within the basin, then X ?gg . (See Figurg W) The

true value of X will therefore lie between_i

and ;f— , depending on
. r b v , \
the individuvwal case.. In the special case of a basgin with high outflow

boundaries, however, it is permissible to use the latter value provided

PRECIPITATION . CONFINED ~ PRECIPITATION CONFINED

WITHIN RECTANGLE WITHIN BASIN
X :
K = -A—
r K = Basin
- - Gonstant
‘ A.= Area of
, Rectangle
Ap= Area of
Basin
X > ] - X >
o I[ ’ /{VFLO%; TRAJ&I'CTORI?‘S' {

:/{VFL OWl‘ TRA JEFTOR/E"S

m——

SHADED PORTIONS REPRESENT ASSUMED PRECIPITATION AREAS

Figure 14

Schematic diagram illustrating computation of "baSin constant
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the inflow‘boundary does not ha?e too'odd(a:shaye.

. 119., There are two limitations oﬁ the appiiéétion of ﬁhe above
analysis[ © The first ié that the basin length pafallel,to‘the inflow
directi@n_must ﬁe great enough’to‘a;lOW'sufficient time for the complete
ﬁrecipitation process to occur Within the basin. There is some doubt as
to the minimum value of such a iength, but it 1s safe toysay that the
dimensions ofithe Pittsburgh and Sacramentd Basgins far exceed this limit.
For small basins a different type of treaitment might be necessary, e.g.,
an equation Of'radial infloﬁ or the application of a correction factor,
The other 1imitation on the use of the analysis is that the basin width
normal to inflow mﬁst be somewhat less than the width of moigt ftongues.
The upper limit of guch a basin width is probably not lesékthan 250 to
300 miles. Wider’basing would have to be dealt with by subdivision into
twb or more portions.

120. Since K is a function of inflow diréction, Which may vaﬁy
with time, and since, as will be showﬁ lafér, both. v and M may also
be functions. of time, (1) can be rewritten in analytic form:

RS [EvMdt | o ’ (2)
The c¢ritical inflow directions, from a meteofological standpoint, must be
determiﬁe&,from synoptic studies such as presented in Chapter V. For the
evaluation of v the maximum possible wind velccity from these directions
must be considére&. , Thékvariation of the maximum wind with height and
duration, as well as with season, must be determined. The’treatment of
this problem, appearing later in this chapter, depends 4o a large extent
on the data available.

121, It is still necessary to evaluate M, the amount of moisture
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PRECIPITABLE WATER (INCHES)

' Figore 15
Depths of precipitable water in a column of air of given height
above 1,000 millibars assuming saturation with a pseudo-
adiabatic lapse rate for the indicated surface temperatures
which can be precipitated out of each unit column. The total precipi-
table water in the alr column (89) is defined by [q dp wmultiplied by a
constant, where g 1is specific bhumidity and p pressure. Figure 15 is

!

a chart for the computation of depth'of precipitable water in a saturated
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columm. In Figure 16, where Ps

' ' M= Wp - W
P and ¢ are linear coordi- L w p~ Wo,
. %‘A’} |
nates, the precipitable water b, ///),
? ,

Wpl of the column at the low—

er level is esqual to the area

PRESSURE (p)

between p, and pl. If the o

base of the column were 1ifted'

to pp and the top to Dy, o,
the precipitable water Wpo ' : z&?y
P

o , 9%
: Y
remaining in the column would _ : wmmﬂcrmme ﬁﬂ_____> ‘
be equal to the area between » ‘Figure 16
. po am P3, and M the Schematic diagram illustrating

the determination of M
amount precipitated would be '

equal to Wpy - Wpp. Thus, it is evident that M ié a function of p_,
Pys pg, p3, and G, ’ -

122. 1In ﬁhekPittsbufgh Report (2) it was shown that for a maximum
convective process all of the above variables are uniquely determin@d by~v‘
the‘point"qé. This pﬁint; in terms of temperature, will he caile@ the 
reduced dew point Dr’ and 1s the dewApoint reduced along the pseudo—
adiabat to 1000 mb. In sat&fated air it is obviou$1y the actual Qew
point ét 1000 mb.. The function M, thus determiﬁed, is called the effec-
tive precipiﬁable water Wy, as explained in the Pittsbﬁrgh»ﬂeport. It
is the gfeatesﬁ amount of moisture that can be precipitated froﬁ a éatu—
rated column of air by complete convective overturning.  Since the latter
ig the most efficient natural process for producing rainfall, WE is used

in the computation of maximum rainfall. The way in which the variables
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Figure 17

Effect of moisture charge on the.structure of a convective cell

Py P1s pé, and p3 depehd on the jalue of D,, ‘and tﬁuS‘determiﬂe W,
ié shown in Figure 17. The pressure levels p, and P (of Figure 16)
_are now‘the base and‘top of the inflow layer, and Po and p3 the base
and top of the outflow layer. G is assumed to bé a pseudo—adiabat. For
a basin, the interpretation of the theory is thaf every unit column of ‘
séturated alr entering ﬁhe basin will undergo a.defihite lift béfore
1eaving‘it; This will cause a certain amouﬁt of water. WE to be depos—
ited wifﬂin the basin; The 1lifting mechénism is the convective celi,
whose size is determined by the Dr value of the air. It becomes essen-—
tial, then, to determine the maximum redgced dew point Dr and its
variation with time,
123. In the equation for maximum rainfall it is assumed that the
inequality sign may be removed, and fhe equation‘thus\becomes
Rpax = fKVmaXWEmath | g . (3>

where vp.. refers to the maximum possible velocities from the most
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‘qritical wind directions and WEmax is the effectiveVPrecipitable;water '
‘for the maximum possible reduced dew points, both occurring in the most
persistent pattern appropriate to fhe season. X is a function of wind
direction and, as will be shown later, also a function of reduced dew
point in‘the partiéular case of a basin in the lee of an orographic
barrisr. |

 12”. Orographic Precipitation. It has already been pointed out

fhat in applying the general method outlined above to the Sacramento
Basin, it would Be_necessary to take into account the effects of topogra-
phy, i.e., the orographic efféct. The term M"orographic precipitation'
includes a complex‘of meteorological phenomena. It is obvious, for
éxample, that thé same orographic barrier which is a rain-producing agent
on its windward side acts as a raineinhibiting agent on the leeward.
Both effects are orographic. Furthermore, either is as much orégraphic
in origin as the distribution'of predipitation intensity along the slope,
- although we may be conderned with but one of all three effects. ‘In
" general, it may be said that the effect bf‘orography‘on precipitation
will depend on the following factors other than elevation and slope:
stability ofkthe air mass, amouﬁt and verticél distriﬁution of watef'
vapor,iwind Velocity and shéar,‘and inflow diréctidn. The usual type Qf‘
rainfall—élevafion}correlation is inadéquate, since it neglects important
variables. ’ ’ B

12%. Pockels (73, 74) and J. Bjerknes (lg) have analyzed the
dynamics df air currents asceﬁding over a mountain barrier. Thevfollow—
ing prinéiples caﬁ be infefred from the coﬁclusibns'of both authors:

a. Rainfall intensity is a direct function of slope.
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b. One‘effect<of.elevation is to reduce the moisture available
farther up slope, so that, if the raindrops fell vertically,
intensity would be an inverse function of elevation.

c. Another effect of elevation, however, is to increase the
slanting trajectory of raindrops.

d. The net sffect of b. and c. is to produce a zons of maxi_
mum intensity some dlstance up the slope, at approalmateky ’
Vh OOO feet above the base.

- e, The h;gher the condensation level, the farther toward the
mountain top will the zone of maximum intenSitykbe shifted.,

it should be noted that the base mentioned in d. 1s sea level, or prac—
tically‘so, for the Coast Range, For the Sierra Nevada Range, however,

‘the base becomes, in éffect; the top of the coastal{barrier to the wind-

ward., It is therefore to be expécted that the zone of maximum inténsity

is at & higher elevation on the Sierras than oﬁ the Coast Range. .Later

it will ﬁe shown that, wiﬁh,respect to the Sierra Range, the effective

s ‘ con&ensation 1ével isalso no lower than the top of the coastal chain.

126. In computing the distribution of intensities along the slope

of the - Sierra Madres,yBjerkﬂes assumed that the aii was in neutral -equl-
 librium with réspect to thelpgeudo-adiabatic process. If~the lapse raﬁe
of the air column were less than the,pseudo—édiabatic, however; there .
would be aAten@eﬁcy’toward suppression of‘ﬁertical motions, so that»the~
rainfall intensity‘would be less than that computed by Bjerknes. On.thé.
other hand, if‘the lapse rate‘weré greater than the psepdo—adiaba@ic,
“there would be an additional uﬁward component, so that the actual . inten-
$ities wcul&'be‘greater thah those computed by Bjerkmes. ;Qbus, in
,general, the intensity at a point on the slope will depenivin part §n the
Stabilityidf the air masé;~aﬁ&; as Bjerknes statés, it méy even‘be;inéai~

culable for extreme instability. - By taking stability into aocéunt it 1s
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possible o distinguish three ﬁypes*ofxorographic rain in'termS'of”theA
assumptions made inVcomputing‘efoCtive precipitable water."These are:

a. Steble orographic rain —— when the lapse rate is less than
the pseudo-adiabatic. The upper limit of intensities for
this type of rain could be computed from Bjerknes! analysis.

Incomplete convective orographic rain —- when the air mass
is slightly unstable. In addition to the 1ift computed -
from the Bjerknes. model there is a convective component,
but the convective process is incomplete in the sense that
not all the effective precipitable water is realized.

|
L

c. Complete convective rain ~—‘whenvall'af the Wg is real—
ized. This would be the case when an unstable column -
vidergoes extreme convergence. The rainfall would be the
same as in a non—orographic convective process, the
mountain merely acting as a "trigger" in setting off the
convection. o - :

127. Although knowledge of the distribution of intensities is not
neéessary to the deveiopment of the theoretical precipitatiOn formula for
the Sacramento Basin, it is'of inﬁerest to compare some calculable inten~—
sities in the orographic types. As a preliminary, certain further deduc—
tions from the fﬁndamental assumptions involved ix the concept of- Wy
should be made.\‘It wa.s preViously shown that the effective precipitable
water 1s equal to Wbl‘~VWb2, where the subscripts 1 and 2 refer to
initial and final states, respectively, of a saturated column. The
numerical values of Wy were compu$ed«on the assumption that initially
 the base of the column was at 1000 mb.  If the base of the column were
initially at any elevation H, or if the column became saturated Just
when the base of the column was lifted to H, the effective precipitable
water for such a cose, designated by (Wﬁ>ﬂ’ could also be computed.
(WE)H

Y

T& o

values of D, end H. The ratio.is called the 1ift coefficient L. If

Figure 18 shows the valuss of the ratio in vercent, for various
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“’_ — x‘i‘ / B were the height’ef an ihflqu,,~

nN
o

baﬁrier;~(ﬁ@)g would be the greatest .

End
©

‘o

,thatvéould‘énﬁer_afbésin:lying,in the

/?f/  amount of effective precipitable water
]
|

LIFT REQUIRED TO SATURATE (THOUSANDS OF FEET) (H)

REDUCED DEW POINT ("F.)
(19

— )
‘/,////// ~ lee of the barrier (neglecting re—
" T / ' \ - -
,g,////,zf/f/yiw_ evaporation), and Wy minus (WE)H
, — | eos . could be deposited on the windward
...-/“ 70% ’ - - : .
| sox ide by the i 1 avecti
2% —  side by the incomplete convective oro-
c\“)ll!llyll‘lllll'l'l>|\|||v L - Y R )
B S SR S S graphic rain process. Computing the

o - maximum rainfall iﬁtensity in the
Figure 18 ‘ ; S
situation described by Bjerkmes (12),
Thecperceatage of effective S : . o ) :
precipitable water remaining using his basic data and comparing,
in a column of air , S : : ,
‘ : : the results are:
For incomplete convective orographic rain; \ 2.9 in. per hr.
For stable orographic rain (computed by Bjerknes): 1.3 in. per hr.
- The incomplete donvebtivé orographic intensity is 2—l/M times asﬁgreat as
the stable orographic. It should bé pointed out, however, thét‘the high~
er the top of the barrier thé more nearly will the stable orographic
intensity approadh that of the inodmplete convective,

'128. Development of Basin Constants. The synopbic studies’of the

preéeding_chapﬁér héve aiready‘confihed the possible inflow difécﬁions of
'thé potentially floéd;pfoduﬁing air to the qua&raﬁt fiom'soutﬁ tc‘wesﬁ,
If remaiﬁs to determine which ﬁiféctiénkwitﬁin %hisyquédrant is geoﬁetrim ‘
‘éaily the most effective; Edr:ﬁiffarént iﬁflow directiohs the 5asin
width normal to the inflow will of course be differemb. It should be .

B

obvious, %00, that if the‘inflow b0un&ariéé'ére also high, not all of the
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effectivé precipitable water can reach the basin. The Ccast Range mst
‘,Aecéssarlly release a gortlon of the effeotlve precipitable water in the
inflow layer. " The problem i;'to discovervwhat process will combine these‘
effecté ﬁo permit‘the‘maxiﬁum moisture to flow into the ba§in,

129. Three distinct assumptions wiil«be made and their results
comoared by computing the resultant constants for a reduced dew p01nt of
6% F - Figure 19 shows the functlonal relationship between I and H
fothhat dew point. It will be recalled that in the preceding section I
was shown to be a function of H. In the figure and in future discussion
H wili be called the “effective‘height,“ defined as the height to which
the base of a narrow column of air must be lifted in order tO’enter the
basin from a given direction. By the use of topographic chafﬁs,,effec%

tive heights for five directions within the significant southwest quadrant

100
.~ 90 A ’ NOTE: .
2 \ ' Lift Cosfficient, L, 15 the
= 80 - N - percentage of effsctive precipitable
= \ ‘ waler remaining in the column.
‘70 \ Effective Height, H, is the haight
- \ fo which the bose of a narrow
-~ 60 - w column must be lifted to enter
- \ the Basin.
; 50 \
o -
o 40 - ~
i , ~
8 30 ’ T~
0 .
~ 20
e «
-1 10 : .
(o] \“"h-._
4] ! 2 .3 4 5 6 7 8 9 0 i 12- 13 14 15

"EFFECTIVE HEIGHT (H) ( THOUSANDS OF FEET)

Figure 19

Relation between 1ift coefficientkand effective height for a
reduced dew point of 63 F
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were foﬁndkfor fi%eﬂmileVintervals between parallel lines running from
the Pacific Ocean %o the basin:ﬁoundaries.‘ The inflow L wvalues, baged’
~ on these values of H and a reduced dew pointfofr63 F, appear in Table
31 which has been arranged in ascending order of effective heights. Con—
stants for the following assumptions were then computed.

130. Assumption I is that incomplete convective rain occurs both
on the Gbast Range‘ahd in the basin. The air Tlowing across the inflow
bafrier will enterJthe~basin with a certain 1ift coefficient L, dut at
the higher outflow barrisr its 1ift coefficient will be lowsr. The
difference betweén the two valuves, AL, will determine the Wy released
over the 5asin. | Giﬁeﬁ the inflow directién, howevér, the outflow 1ift
coefficient, and therefore AL, will vary with the flow pattern ovethhe
basin; ~S$vera1 paﬁterné were assumed and the constants compﬁted for each:

a. Straight line flow. Example: inflow from west, outflow
from west. - ,

" b. Cyclonic rotation of 22;59.‘ ‘Example: inflow from west,
outflow from west-southwest. S ‘ "

e Cyclonié:rotation of HBO.‘ Example: inflow from ﬁest,
outflow from southwest, -

Anﬁicyclonic flpw was notvcdnsideféd‘sinée, aSidé from metegrdlogical con~
siderations, the constants have iOWer values; The profiles plotted on.
Figures BVaﬁd H‘ihdicate”réughly hmM’AI{ is decréaéédvin such é>flow;’
but it  should bé'réﬁémbére& that the profile helghts are not neceésérily
’effeétiﬁé‘heightsf . For all paﬁterns, however, the“geomeﬁricél consbant
will be egqual o

Width of Inflow (Mean Inflow I — Mean Outflow L)
Area of Basin

Table 32 éhows the computations of thevéénstanté‘for Assumption I. They
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TABLE 31

TABULATION OF DATA FOR BASIN CONSTANTS (D, = 63 F)

(A) = Accumulated Width (miles)

(H) = Effective Height (I

Flow From:

(4)
5
10
15
20
25
30
35
Lo

)

50

55
60

65 -
70 -

75
80

85
90
95
100
105
110

115

120
© 125
130
135
140
145
150
155
160
165
170
175
180
185
190
195
200
205
210
215

Total
Mean

S SsW

- (H) (L) (2 (L)
20 .78 1 .88
20 .78 1 .87
29 .68 1 .87

(

hundreds of feet)

H)
5

>
12
12

- 13

L3 .55 g .63
L3 .55* 3 59
51 .50 L .58
B4 hLg 52, .50
58 A5 58 45
66 .40 61 3
68 .39 62 143
76 4 e A3
62 g

ol Al

69 .38

C 13 .35

6 .34

80 31

17.71 . 22.03

.590 .612

* Optimum value for Assumption II.

1k
18
19
20

. (L) = Lift Coefficient

sW
(L)
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© TABLE 32

COMPUTATION OF BASIN CONSTANTS

Inflow From:

(D, = 63 F)

SSW. - SW WSW

total inflow width (mean inflow I — mean outflow L)

Assumption I. XK=

25,200
I(a) Mean Tnflow L .590 612 631 .50 J72
Mean Outflow L 3T .33%9 351 .33%8 . 326
AL 116 .273 .280 - .163 .146
K .00129 .00195 .00239 .001%3 .00116
I(b) Mean Inflow L 612 631 /01 A7
" Mean Outflow L Y .339 351 .3%8
AT .238 .292 C L1500 .13k
X .00165 .00249 .00122 .00106‘
I(c) Mean Inflow L 631 .501 472
" Mean Outflow L ST .339 -351
AT, .257 .162 .121
K .00219 .00132 - .00096
Assumption II. K= MaXi‘;“gﬁgég = 4)
I W55 LU 64 37 .37
A 120.0 155.0 125.0 180.0 175.0
LXA 66.0 66.65 . 80.0 66.60 - 6h.75
K- .00262 .0026k4 .00317 . 00264 .00257
. ’ _ _53L
Agsumption III. K= 56:566
SL 17.71 22.03 27.15 20.56 18;89
X -00351 .00437 .00408

-00539 .-00375
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are based on the values in Table 31 where, however, %afulations of H énd :
L for oﬁtflow have been omitted té save space.

"131. Asgsumption II is that complete convective rain occurs both on
the Coasgt Rang§ and in the basin., Under this assumpbicn, if the column of
alr were saturated at sea leﬁel, there would be no raln whatséevér reaching
the basin; except that which "spilled over" the coastal barrier. On the
other hand, if the saturation 1evel were af some higher elevation, every
éolumn whose effective height is below the saturaition level would contfib—
’ute to the rainfall in the bagin, and every column whose effective height
is above the saturation elevation would not contribute. Theoretically, a
saturation level oa& be selected tha% will exceed all effective heights but,
since L decreases as the saturation level increases’(Figure 18), Suﬁﬁ‘ah
occurrence would noi neoessérily'be productive of the most rainfall over
the Basig. What is needed for maximum preoipitatién is é saturation level
which will fesult in the maximum prodﬁct'of L ané the total number of
columns undergoing complete convection within the basin. Table 32 outlines
~ the manner in which the constants for Asgumption II are computed, using H
and L valuaé of Table'Bl. In column H of Table 31 the effective
heighﬁé are tabulated in ascending order. =Bach entry represents an air
column five miles wide. Column (A)brepresents the accumulated width of all -
ai¥ columns whose effective heights are equal to or less than %he‘corre9~
pondihg saturaﬁion level, Column (L) conﬁaiﬂs the corresponding values of
the 1ift coefficient., The maximum constant will therefore be the maximuﬁ
produof of columns (&) and (L), divided by the area of the basin,

'132. Aggumption III is that incomplete-conveotive orogranhic raig

cccurs on the Coast Bange and complete convective rain in the basin., As i3
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flows iniand the air is assumed to be‘saﬁurate@ and sligh%ly unstablé,
As it ﬁéssesrdver the‘CoastrRange, incomplete convective orogrephic rain
will fail; ~ After it clears the barrier, the remaining Wg 1is realizéd
‘within’the basin by the;process of complete convection which is finally
achieved with the aid éf convérgence producéd by the basin. As has been
previously mentioned, the constraints imposed by the basin are such %hat
© the air in the lowest layers can enter only through the Golden Gate. The
‘valley floor is roughly triangular in shape with the apex neér Redding
énd Kennett. The effect is to cause horiéontachonvergence in the 1ower‘
layers in two ways. First, the wind is constrained to a more northerly
course, thus acquiring a greater cyclonic vorticity. Second, as the air
flows’tpward the apex it is restricted to a progressively narrower space.
. Both éf these eéffects are compensated for in part by vertical stretching.
- The vertical motions cause decreasing stability to greater and greater
héights, untii finally convective overturning takes place. Thé value of
the constant for Assumption III will thus be controlled by fhe width of

inflow times the sum of the I wvalues of the inflow columns. The

- formula becomes

K = 5L
Area of Basin

The compubtations are shown in Table 32, the Hj‘and Ii wvaluss in Table
21. |

133, The assumption of stable orographic rain on fhe Coast Range
and complete conVective rain in the basin would of course give even high-
er values of the constant. There are, however, two serious dbjectioﬁs to
ﬁhis'assumption. It is extremely doubtful whether saturated‘air with the

assumed‘maximum dew ﬁoints wourld have a stable lapse rate. Seéon&ly,‘if
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the air were both conditionally 006

and cbnvectively stable to begin ‘ //,\\ '

005
with it could not later become ; ///{ \\\\ v

unstable by dynamic means. - ,// q

Q04 / »
Assumption T

003 Pd N

TN Assumption .ZZ':

002 ’ \
R

l}h. The results of the

three assumptions for a dew point

“of 6% F are shown in Figure 20.

BASIN GONSTANT (K)

It is evident that Assumption III

produces the greatest depth of i ba,‘ l
: Assumption Ic /
rain in the basin, and that a
0

southwest flow is the most criti- - s SSW SW WSW w
~ : INFLOW DIREGTION
cal for any sssumpiion.
B : Figure 2C
135. Theoretical Analysis :

. Relation betWeen basin constant
- of Major Storms. It is logical af Cand inflow direction for
’ a reduced dew pcint of 63 F

this point to test the valiaity of
~ the hypothétical storm which formé the basis for Assumption IIL, or, in
other words, to discover whether storms observed in néturé approximate
the assumed conditicns. This can best be accomplished by comparing the
rainfall of individual storms computed on the basis of the above theory
with the rainfall cqmputed from isohyetal -charts.

136. To expedite the computations; some aﬁjustﬁent can be made in

the precipitation formula, It hag,6 already been shown that the basin con-

5EL

S nd th L i £ i "
35,200 ° and that is a function of

stant for Assumption ITI is
and  Di. By meking use of the computed data in the preceding section,

the basin,constant K may be expressed as & function of Dr and inflow

direction.  Thus, in the formula R = [ EKWgvdt, both XK and Wy are
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: functions of Dr? so that they may be combined into one term-
f = KWh

where f 1is called the moisture index and is a function of D, and

inflow direction (see Table 3%). The precipitation formula can now be
Cwritten
R= [ fvdt
TABLE 33

. . ; . . ]
VALUES OF MOISTURE INDEX (f x 10L) FOR VARIOUS INFLOW DIRECTIONS

Dy °F) W WeW SW ssw S
-l 4 4 7. 5 I
25 5 5 g 6 5
) 5 & g 7 6
AE 6 6 9 - g 6
L 6 7 10 9 7
) T g 12 10. g
46 8 -9 13 11 9
b7 9 10 14 12 9
he 10 11 16 13 10
U9 11 12 17 14 11
50 12 13 19 15 12
51 13 ik 20 16 13
52 1H 15 22 18 14
53 15 17 23 19 15
5 16 18 25 20 16
55 17 19 27 22 17
56 18 20 28 23 18
57 19 22 30 oL 19
58 21 oL 32 26 21
59 23 25 34 28 22
60 ol 27 %6 29 23
61 27 29 39 32 25
62 29 31 Yo 34 27
63 31 33 R 36 29
6l 33 35 47 38 31
65 35 38 50 h1 33
66 39 Yo 5L Yl 35
67 L2 L5 59 N7 38
68 U5 Lg 6% 5L Lo
69 50 B4 69 56 L6
70 55 60 76 61 50



Sﬁrictly,ksince boﬁh f and v in thé\inflow'layers vary aléo with '

- height, their products Should‘be integrated through height., However, iﬁ
was found that the error involved in using the éro&uct of the total f
and fhe velociﬁy at the mean height of fhe inflow layer was negligible,
This is not'éurprisiﬁg, since molsture decreases and v igérea§es with
height; thé‘two ourves tend to be reflections.

137. The observed values required for ththheorétical'computaticn
are the dew‘ﬁoint and wind velocity that may beruse& to characterize the
étorm. On account of their exposures, Mount Tamalpais and Donner Summit
wéré chosen as dew point index‘stations. San Francisco was also used
‘because data from this station were avaiiable in evefy Stérm. Point Reyes
was chosen as & wind velbcity iﬁdex‘station; For reasoné given in the
section aﬁ maximm wigd, Point Beyes data were agsumed tO’beArepresentam
tive of the ﬁOOwaoof free-air wind, or the mean velocity of the inflow
layer. Becsuse ﬁhis assumption was found t6 wbrk‘best for southwest
.inflow airections? and also because the inflow directions were difficulﬁ
to determine accurately, it was decided to use tﬁe f vélues for soﬁth—
west win&s ekclusively. |

138. With but one séation‘used as wind index, the results obtained
wili differ only because of the‘variation in dew points at the index
stations. Values of f from dew point‘obseréations at these statiéns
wére plotted agéinstftime and s@ooth curves were‘drawn through them.
Hourly valﬁés of v  were taken from the autogfaphic recordé at Point
Reyes. The pro&ucts‘of fv were then integratéd wiﬁh respeCtgto time
by numerical integration (seé Tables 34 4o 41)., In Table 42 maximum

duration—depth‘values for the whole basin, as compuxe& from the rainfall
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Date

12

3 |

1y

5

17

18

19

Period
{P.5.7.)

04300730
0730-1030
1030-1330

"1330-1630

1630-1930

© 1930-2230
- 2230-0130

. 0130-0430

0430-0730

© - 07301030
 1030-1330

1330-1630

1630-1930
1930-2230

. 2230-0130
01300130

- O430~0730
0730-1030
-1030-1330

S 1330-163%0
;1630-1930
1830-2230
2230-0130
0130-0430

© 0430-0730

0730-1030
1030-1330
1330-1630
1630-1930
19302230
22300130

. 0130-0430

~ O430.0730
. 0730-1030
1030-1330

1330-1630 .

© 1630-1930
© 1930-2230
22300130

. 0130-0430

04300730
07301030
1030-1330
1330-1630

16301930

193%0-2230
2230-0130
0130-0430
04300730
0730-1030
. 1030-1330
1330-1630

16301930

1930-2230
2230-0130

TABLE 34

STORM COMPUTATION

Jenuary 12-19, 1906

120

(£,

2
22
19
1%
14
13
1h
19
25
28
26
25
gz -
© 20
17

10

(v) 3-hour wind movement (Point Reyes)
{R)=(¥) x moisture index = rainfall intensity

®, ()
.27 22
- 20
18 0 18
.12 16
.09 - 15
.08 15
08 17
.12 oA
.21 . 28
.33 ‘3L
.33 L
.28 - 29
.19 26
15 22
.12 19
- .09 .15
.06 11
. Ou ) 9
_.02 10
.02 iz
Ol 15
07 21
.13 25
.20 27
.27 27
.28 27
27 26
.26 25
.27 25
.30 26
33 25
.30 23
Y- 20
.19 16
.12 13
.06 10
.03 10
.02 9
02 11
.03 13
.04 16
.05 20
.09 23
.17 25
.21 25
.22 on
.23 23
.23 23
.23 23
.26 25
.27 26
.28 27
25 26
.18 22
0T 10

(£)=Motsture index x 1ou

SOTE: Subscripts refer to index station used for dew pointa:
) 1 = San Francisco, 2 = Donner Summit, 3 = Mt. Tamalpeis
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TABLE 35
STORM COMPUTATION

March 16-19, 1907

Period ’ ; :

Date  (P.S.T.)  (v) (£), (), (), (R)3
16 0u430-0730 39 20 .08 20 .08
0730-103%0 L 21 Jdr0 22 11
1030-1330 66 22 15 23 .15
1330-1630 78 22 A7 ol .19
16301930 gL - 24 .19 25 .20
1930-2230 g1 25 .20 - 26 .21
17 2230-0130 - 90 ok .22 25 .22
0130-0430 108 23 .25 2 .26
0U430-0730 114 21 .2h 23 .26
0730-1030 117 18 21 22 .26
1030-1330 117 15 .18 22 .26
1330-1630 114 13 .15 23 .26
1630-1930 111 13 L1k ol .27
1930-2230 108 14 15 ol .26

18 2230-0130 11k 17 .19 25 .28
0130-0430 120 21 .25 27 .32
- 04300730 111 23 .26 27 .30
0730-1030. 99 25 .25 28 .28
1030-1330 96 27 .26 28 .27
1330-1630 93 28 .26 28 .26
1630-1930 87 28 2oh 28 .24
19730-2230 gl 27 .23 27 .23
19 2030-0130 . 8L 26 .21 26 .21
0130-04%0 81 27 w22 27 . Lee
0430-0730 gl 28 U 28 ol

0730-1030 87 30 .26 30 .26
1030-1330 105 31 .33 32 L34
1330-1630 11k 30 U 31 .35
1630-1930 102 b Lou 25 - .26
1930-2230 51 17 .09 18 .09

(v) = 3~-hour wind movemenﬁ~(Point Beyes)
(f) = Moisture index x 10
(R)=(v) x moisture index = rainfall intensity
NOTE: Subscripts refer to index station used for dew points:
"1 = San Francisco
2 = Donner Summit
3 = M, Tamalpais

il
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TABLE 36
STORM COMPUTATION.
January 12-16, 1909

) Pericd ‘
Date  (P.S.T.) (+) (£), (R>1, (£), (R),
12 0830-0730 g1 6 .05 90 .07
© 0730-103%0 6% . 7 Lo 12 .08
1030-1330 %% 8 L0310 0%
1330-16%0 - 18 9 .02 - 18 .03
 1630-193%0 3% 12 Lo 20 .07
1930-2230 . 60 15 .09 23 L4
1% 227%0-0130 -+ 84 20 W17 25 21
0130-0430 g0 25 .22 27 =
0430-0730 . 78 27 21 30 .23
0730-1030 63 30 .19 31 .20
1030-1%30 7 . 28 .22 30 - .22
1%%0-1630 96 ek .27 30 .29
1630-1930. ' 99 30 .30 . 32 .32
197302230 1102 30 o W31 32 W33
1k 2230-013%0 102 29 .30 30 .31
01300430 105 28 .29 . 28 .29
0430-0730 11k 27 . .31 28 .32
0730-1030 120 27 32 . 28 )
1030-1330 90 27 ) - .25
© 133%0-1630 72 28 20 28 .20
1630-1930 gl 28 .24 28 .oh
1930-2230 102 28 .29 28 .29
15 2230-0130 99 - 28 .28 28 .28
0130-0430 .99 27 27 27 .27
04%0-0730 105 27 C .28 27 .28
07%0-1030 " 111 27 © .30 27 .30
1030-1330 102 . 27 28 e .28
1%30-1630 93 27 e 27 L .25
1630-19%0 g7 28 .ol 28 .ol
> 1930-2230 gh o8 ek - 28 o4
16 2230-0130 81 28 .23 28 .23
© 0130-0l430 72 o8 .20 28 .20
0430-0730 57 29 17 29 17
07301030 U5 29 13 29 .13
10%0-1%%0 up 29 .13 29 .13
1330-1630 - s 30 bk 30 L1k
1630-1930 ko 30 .13 31 .13
1930-2230 36 29 10 0 3L L1

(v)=3-hour wind movement (Point Reyes) (f)=Moisture index x 10"
(R)=(v) x moisture index = rainfall intensity

NOTE: Subscripts refer tc index station used for dew points:
1 = San Frencisco, 2 = Donner Summit, 3 = M, Tamalpais
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TABLE 37
STORM COMPUTATION

- December 29, 1913-January 2, 191k

Period ' ‘ :
Date (B.s.T.)  (v) () (R); (f)3 (R)3
29 - 0600-0900 gl 15 4 19 .18
0900-1200 119 19 .23 22 - .26
1200-1500 gL 21 .20 22 .21
1500-1800 99 20 .20 20 .20
1800-2100 39 17 .07 18 07
2100-0000 39 15 .06 18 .07
30 0000-0300 53 15 .08 19 .10
0300-0600 73 16 .12 21 .15
0600-0900 95 20 .19 25 .2k
0900-1200 109 25 .27 27 .29
1200-1500 119 28 .33 28 .33
1500-1800 117 30 .35 28 3%
1800-2100 123 32 .39 29 .36
2100-0000 135 33 L5 30 N}
31 0000-0300 134 30 Rity 29 .39
' 0300-0600 138 27 37 o8 .39
0600-0900° ~ 149 ol .36 ol .36
0900-1200 o 21 .29 21 .29
1200-1500 73 22 .16 22 .16
1500-1800 uo 25 A1 23 .10
1800-2100 35 26 .09 26 .09
2100-0000 67 27 .18 27 .18
1 0000-0%00 - 72 26 .19 28 .20
- 0300-0600 49 25 - .12 28 L1k
0600-0900 b9 24 120 0 28 L1k
0900-1200 75 23 .17 29 .22
1200-1500 9l 2l .23 30 .28
- 1500-1800 99 25 .35 32 .32
1800-2100 112 27 .30 %2 .36
© 2100-0000 130 Y .35 31 . LHO
2 0000-0300 136 25 34 27 37
~ 0300-0600 gl 23 .19 23 .19
0600-0900 91 21 .19 23 .21

0900-1200 gg - 21 .18 o .21

L

' (v)=3~hour wind movement (Point Reyes) (f)=Moisture index x 10
' (R)=(v) x moisture index = rainfall intensity

NOTE: Subscripts refer to index station used for dew points:
1 = San Francisco, 2 = Donner Summit, 3 = Mt. Tamalpais
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Date
22

3
oy
o5

o6

271

Period
(p.s.7.)

o¥30—0730
0730-1030
10301330

113%0-1630

1630-1930
1930-22%0

2230-0130 -

0130-0430

OH30-0730

0730-1030
10%0-1330

1330-1630

16301930
1930-2230

2230-0130

0130-0430
0430-0730
0730-1030
1030-1%30
13301630

1630-1930

1930-2230
2230--0130
013020430
O430-0730
0730-1030

1030-1330.

133%0-1630
1630-1930

1930-2230
- 2230-0130

0130-CH30
0U30-0730
0730-1030
10301330
1330-1630
1630-1930
1930-22%0
2230-0130

“0130-0430

TABLE 38

STORM COMPUTATION
March 22-27, 1928

(v)
Lo
Yo
5L

.63
75
g1
69
Lo
33

%

bl
g2
69
69

69

66
45
33
30
30
- 60
S 102
105
99
69
36
33
45
60
75
gl
93
117
C1l3e
12% .
102
1)
51
b
Lg

(v) = 3-heur wind movement (Point Reyes) (£)=Moisture index x 10
,(R}=(v) x molsture index = rainfall intensity

- NOTH: .Subsoripfs refer to index station used for dew points:
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TABIE 39
STORM COMPUTATTON
December 9-13, 1929

Period

Date (P.s.1.) ) (£); - (R),
9 ol30-0730 ‘ 105 21 .22
0730-10%30 114 LA .27

© 10%30-1330 126 25 .32
1330-1630 138 eh .3%
1630-1930 147 , 22 Cu32

: 1930-2230 - - 156 21 .33

10 ' 2230-0130 15% - 21 .32
: '0130-0430  1hy 21 .31
0U30-0730 111 2% .26
073%0-10%0 75 26 .20
10%30-1330 . 66 - 28 .18
133%0~1630 60 30 .18
1630-1930 ' 63 30 ' .19

- 1930-2230 66 29 .19

11~ - 223%0-0130 69 Y .19
- 0130-0430 72 ’ 25 . .18
0430-0730 69 25 .17

- 0730-1030 66 27 .18
10%0-1330 72 28 .20
1330-1630 . - 8L 28 ' 2l
163%0-1930 105 28 .29

~ 1930-2230 120 29 .35
12 22300130 117 31 .26
0130-0430 99 33 .33
0430-0730 90 34 .31
0730-1030 gt 35 .29
1030-1%30 78 (S ‘ .28
133%0-1630 72 36 .26
1630-1930 72 35 .25

' 1930-2230 72 34 ou

13 223%0-0130 69 33 .23
0130-0430 66 32 .21

- 0430-0730 69 33 .23

(v)= 3-hour wind movemeng (Point Beyes)
(£)= Moisture index x 10"
(R)=(v) x moisture index = rainfall intensity

NOTE: Subscripts refer to index station used for dew points:
1 = San Frahcisco, 2 = Donner Summit, 3 = M. Tamalpais
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Date

9.

10

11

NOTH:

(R)

TABLE- 4o
STORM: COMPUTATIOW

‘December 9-12,:19%7

Period o o .
(p.s.T.) () (£)y (R); * (1), (R)
01360430 9% 17 L1602 11
0L30-0730 99 18 .18 13 .13
0730-1030 105 .19 .20 12 .13
1030-1330° 117 22 26 22 L 26
1330-16%0 129 25 .32 25 .32
1630-1930 135 29 39 30 o Lbo
19%0-22%0 1%2 32 deo o 30 4o
2230-0130 126 36 A5 30 .38
0130-0U430 123 hn .50. 28 .34
0430-0730 " 132 b6 b1 %9 51
0730-10%0" 7 49 720 he .62
1030-1%30 150 RO 75 - 39 Hé
13%0-1630 150 50 .75 4 .66
1630~1930 15% 49 5 0 Wb .67
1930-2230 153 s 69 39 .60
2230~-0130 132 4o 530 36 48
0130-0430 99 36 36 - 39 .39
olz0-0730 102 . 34 350 39 Jbo
07%0-1030 108 35 .38 34 .37
10%0-1330 g 36 SW300 30 .25
1%30-1630 66 30 .20 © 25 .16
1630-19%0 = - 60 25 A5 -25 15
19302230 S ee .12 ee 12
22300130 51 20 L1020 .10

(v)= 3-hour wind movemen} (Point Reyes)

(f) = Moisture index x 10” .

=(v) x moisture index = rainfall intensity
Subscripts refer to index station used for dew points:

1 = San.-Francisco
2 = Donner Summit
3 = My, Tamalpais

LI
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Date

25

26

28

29

(R)=(v)

Period
(p.s.7.)

. 0430-0730

0730-1030

-~ 1030-1330
- 1330-1630

1630-1930
19302230
2230-0130
0130-0U430
04300730
0730~10%0

1030-1330

1330-1630
1630-1930

" 1930-2230 .

2230-0130
0130-0430
0430-0730
07301030
10%0-1330
1330~-163%0

B 1630-1930

19%30-2230
2230-0130
0130-0430
0430-0730
073%0-1030
1030-1330

1330-1630

1630-1930
1930--223%0
22%0-0130
0130-0430

TARIE ‘151
STORM COMPUTATION

'February 25-29, 1940

@ ), Wm0, @

2
Hl 30 .16 27 .15
Kl 30 L 16 25 b
b5 30 L1l 25 1
36 29 .10 27 .10
3327 .09 o5 - .08
36 el .09 25 .09
4 23 .10 o5 J11
69 o2 15 oK J17
96 23 .22 24 .23

120 25 .30 22 .26

11k 27 W31 22 .25

117 28 .33 22 .26

132 28 37 22 .29

150 28 i) 22 .3%

150 28 Jhe e2 .33

135 28 .38 22 .30

108 - 28 .30 22 .2k
87 29 .25 23 .20
99 30 .30 27 27

122 28 - .37 25 .33

150 27 Rite) oK .38

159 26 RIN} 27 Mz

162 25 4o 25 T

156 25 .39 17 .26

123 ol .30 2% .28
90 20 .18 23 .21
96 16 15 22 .21

114 16 .18 22 .25
99 17 W17 19 .19
7% 15 11 19 L1l
6 13 .08 11 .07
5L 10 .05 11 .06

(v)= %-hour wind movement (Point Reyes)
(£) = Moisture index x 10%

z meisture index = rainfall intensity

NOTE: Subscripts refer to index station used for dew §oints:‘

1 = San Francisco
2
3

Donner Summit
Mt, Tamalpais

T
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| ‘ TABLE 42 |
MAXTMUM DURATION—DEPTHLVALUES FBCM’EOBMULA AND FROM PRECIPITATION DATA
Sacramento Basin sbove Sacramenté.(Synchronize& at 72 hours)
| 7 ‘Depth in Incﬁéé‘ ;
Dﬁiatiog o 6 2 18 2&““ 36 | 'hg 72
memwi@@&% ' o

By Formula (SF) 0.6 1.2 1.7 2% 2.6 3.2 Lo
oo (M) 0.7 1.3 1.8 2.3 3.1 3.3 4.6
Fron Precip. Data 0.9 1.8 2.1 2.8 k2 k3 5.8
January 1906-B | -
By Formula (SF) 0.7 1.2 1.7 2.% 7.0 7.3 4.6
LA {(MT) 0.8 1.3 1.7 - 2.3 3.2 3.6 5.0
From Precip. Data(*) 0.8 1.3 1.8 2.3 3.0 3.8 L5
March 1907 '
By Formula (SF) 0.7 1.2 1.6 2.1 3.1 3,8 5.5
” meo () 0.7 l.2 2.0 2.2 3.2 43 6.3
~ From Precip. Data 1.0 1.8 2.4 2.8 3.9 .9 6.6
fJahuary 1909 ‘ V ,
By Formula (SF) 0.6 1.2 1.8 2.3 3.4 4p 6.3
" " (MT) 0.6 1.2 1.9 2.4 3.4 NS 6.4
From Precip. Data 0.9 1.5 1.9 2.5 3.8 L.7 6.4
. December 1913% . B | '
By Formula (SF) 0.8 1.6 2.3 2.9 3.7 4.0 6.4
From Precip. Data 1.b 2.7 3.3 3.9 5.0 5.5 6.6
March 1928 o .
By Formula (SF) 0.7 1.2 1.6 1.9 2.8 3.7 4,7
- From Precip. Data 1.2 1.5 1.8 2,1 2.9 z.8 5.1
December 1929 ‘ / .
© By Formula (SF) 0.6 1.3 1.9 2.5 3.2 Lo 6.2
From Precip. Date 1.1 1.6 2.1 2.6 3.4 Lo 5.9
December 1937 | ,
By Formula  (SF) 1.5 3.0 4.3 5.3 6.9 8.7 9.6
t " (Ds) 1.3 2.4 3.6 Ly 6.0 7.4 g5
From Precip. Data 1.3 2.4 3.5 4.6 6.8 7.9 g.5
February 1940 '
By Formula (SF) 0.8 . 1.6 2.3 2.6 4.7 5.6 6.9
From Precip. Data 1.1 2.0 2.8 3.4 5.1 6.4 7.4
February 1942 '
By Formula (SF) A h.o
Estimated from Precip. Data ' - » b

(*) BEnding 6 p. of the 16th, F.S5.T. SF - San Francisco Dew Point Data
MT — Mt. Tamalpais Dew Point Data’ IS - Donner Summit Dew Point Data
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o

“data, are compared with the values

@
|13
; ¢, .
for the same periods from the theo— Z . °
< pAY L
retical formula. The comparison is z 7 .
« g e i,
graphically illustrated in Figure 21. & | N
Rl
: . 3w
. . =
It will be seen that, in general, - ==
- 3 °
_t1 N beth t th E o =5 o-San Francisco Dew Points
here isg er agreement as the g, E oMt Tomalpais Dew Pomts —
. u ° § A-Donner Summit Dew Points
. . a4 |
duration increases. Undoubtedly, &
. < o
. . [+ JRN | 2 3 4 5 6 T 8 9 10
this is partly explained by the un- AVERAGE DEPTH GOMPUTED FROM FORMULA (INGHES)
certainty attached to short—period Figure 21
breakdowns. It was also found that Average precipitation data

. over total basin
the synchronization between the two

sets of data was guite good, élthough the theoretical values in . most
cases exhibited less abrupt changes in intensity. Perhaps it would be
?oo much, in view of the various possible sources of errof in both sets
of data, to expect closer agreement. A criticél analysis seemed %o
indicate that lack of agreement, in some cases, was cauged by a time lag
in dew points at index stations and also by the smoothing inherent in
the computation method, although in other cases the cause might have
been the inevitable approximationskinvolved in. construction of mass
rainfall curves for non-recording stations. It will be nbted, for
example, that in the 1929 storm the 48-hour values agree perfectly, but
the theoretical 72-hour values are higher. An examination of the data
revealed thét this discrepancy resulted from a persistence of high dew
points after the rain had ended over most of the basin (see Chapter V);
In storms like the 1906 the maximum 72-hour value (period A) represents

a somewhat artificial combination of two rain periods separated by a

-1 -




.20 <

~ , o 1ull. In such a case the agree—
. By Analysis of - :
Precipitation
Observations

- 8y Theoretical | A . ment is not likely to be wvery

J2 - Formuio

T good. The period B (see Teble 42),

AVERAGE INTENSITY OVER
BASIN ({INCHES PER HOUR)
o
T

which is a more continuous rain

Lo e v pare § period in the 1906 storm, shows a

FEBRUARY 1940 )
" much better agreement than A. The
Figure 22 - ‘ ‘ '
o . ‘ best synchronization was obtained
Computed precipitation intensity : )
‘ average over total basin in the 1940 storm (see Figure 22)
storm of February 2h-29, 19HO i
~ : ' during which the greatest number
of recording gages were .in operation. The storm of February 1942
~ occurred while this study was in progress and a comparison of 72-hour
values computed from formula and from data is included in Table Y2,
Rainfall data from only selected key stations were used since most other
data were unavailable. The storm did not appear to be of comparatively

major importance. Table 43 compares the relative magnitude of the major

“storms, as computed from formula and from rainfall data.

TABLE 43
SACRAMENTO STORMS ARRANGED IN DESCENDING ORDER OF MAGNITUDE

Maximum 72-Hour Average Depths

’ From Precip. Data By Formula (San Francisco Dew Points)

L. 1937 : 1937

2. 1940 1940

3. 1913-14 : 191%-14

U, 1907 1907

5. 1909 - 4 1909

6. 1929 1929

7. 1906-4 ; 1928

8. 1928 1906-B

9. 1906-B o : 1906-A -
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Figure 23

Pseudo-adiabatic diagram adapted for dew—point computations

139. The results seem to support the conclusien that Assﬂmption
IT1I is an adequate description of a major storm over the Sacramento Basin.
In order to compute the maximum possible precipitation it will thus be
‘necessary to determine the maximum dew points and the maximum winds, and
then to apply the formula developed above.

140, Maximum Dew Points. A survey was made of the maximum observed

dew points for all months at nine stations in

and near.the Sacramento Basin. From these

" |

k¢ 1

values reduced dew point temperatures were T ‘ N

74

T2 \ -
\ AT

70 7

compuied by the use of Figure 23. The re-

REDUCED DEW POINTS, (D)} {°F)

. A" ML Tamaipals ~ ™,
sults of the study are summarized in Table U, oo | / y >
| Q-:« VA [~
) . 66 <K ) < g 7
Account having been taken of the relative o P /
, \ ||/
. 62 A\ /
. . \]
degree of saturation, composite seasonal en— o 5"mm*rmf"~A\/ ‘J
veloping curves of the maximum reduced dew SORNONE Fgmg7m77275
points were constructed. They are shown in : Figure 24
Figure 24. It is evident from a study of the Seasonal variation of
« ; ‘ maximum possible
figure that the dew point maxima at low reduced dew points

~
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MAXTMUM DEW POINT DATA

Stations Jan.  Feb. Mar. Apr. May June July Aug. Sept.  Oct. Nov.
Donner Summit (a) ~ 25 10,28 29 3 2 26 15 - 26 15 6 12
7200 ft. (v) 38 37 b2 ouy Rl 56 57 57 54 kL L5
1932-41 (¢) .58.5 57.5 61.5 65.5 68.5 73 73.5 73.5  70.5  68.5 64
Fresno () 14,29 25,28 3,11 Lo 28 30 22 27,028, 25 o2 2
330 ft. (v) 60  ”9 6L 68 69 61 67 66 69 67 63
1899-1941 - (c) 61 60 - 65 69 70 62 68 67 70 68 64
Independence (a) 12 16 11 26 29 17 21 14 28 10 9
3957 ft. (b) 52 4y 57 .56 56 63 - 65 68 68 6l 50
1899-1924  (c) . 62 58 67 66 66 72 HoT77 773 60.
Mt. Tamalpais (a) 16 26 3 22 15 20 6 oh 16 22 9
2375 ft. (b) B2 6 56 60 63 60 66 64 60 60 58
1899-1921 (¢) 58.5 G2 62 66 69 66 71 70 66 66 64
Point Reyes (a) - 1 16 21 1 24 - 23 15 11 12 19  1,7,19
490 f4. (p) 58 61 il 60 57 g 60 60  6U 63 58
1902-26 (e) 59 62 65 61 58 - F9 61 6L 65 6L 59
Red Bluff (a) 1 16,24 2 16,30 26 -8 26 7 21 2. 12
334 4, (v) 58 59 61 65 67 68 68 69 75 ou 67
1893-1934  (c) 59 60 . = 62 66 68 69 69 70 76 65 68
Keno (a) 2,28 7 22 10 15 16 2 27 26 1 26
U532 f4. (v) Lz I 52 g 60 59 (3 61 58 G b7
1906-1941 (e) 56 57.5 64 61 1 70.5 70 73 7l.5 69 - 65 59
Sacramento (a) 1 15 2g 1k l2 = 16 19 15 30 9 1
71 5. () 58 62 63 66 67 70 73 67 71 64
18931941 - ' ' ‘
San Francisco (a) 2 19 12,28 22 9 6,24 1 26 . 12 3,25 12
153 ft - (p) b2 62

59 6% 50 6L 63 60 - 60 66 66

(a) Day‘of’mcnth’- , : {b) Dew Point o ; (¢) Reduced Dew Point



coastal étaticﬂs are dependent on the sea surface temperatures.. While
the Saﬁ Ffancisco~Point Reyes cﬁrve hgs a’minimum value in mid-June, the
curve for M. Tamalpais (elevation 2,375 f£t. and only 14 miles from San
Fréncisco) is climbing toward a maximum in. July. Such extreme stability
‘coula occur only if the air in contact with the sea surface were being
’cooled. It is évident, of course, that such a state does not favor the
preduction of flood rainfall. 'Thé pattern of the general circulation
which is respgnsible for this sﬁability énd the dry summer of the region
nas already been discussed in Chapter II, Ift is obvious that the summer
dew points described by the ﬁppermost curve cannot, therefore, be consid-
ered representative in a sﬁorm or rain situation.

141, The obserVations considered must Dbe represehtative in two
‘respects: vertically of an unstable saturated column of air, and hori-
zontally of an area Qomparable to that of the basin. From this point of
view, the nidwinter portion of the curve can be 100% representative,
whereas the midSUmmér values, as has been»just indicated, are not at all
representative. There is no feason to believe, however, that thevreprem
sentativenesé changes abruptly: It is much more reasonable to assume a
more or less gradual transition. iIn such a case;’it would be illogical
to assume a définite‘rain season énd then to choose dew point maxima at
its beginﬁ}ng or end, because these values would be 1esé representative
than the ones nearer the middle of the period. It might be decide&, for |
example, that the rain period extends from November 1 to April 1, 69 F
being the maximum dewkpoint during this péribd. But 69 would not be as
representative a dew point as 63, the valué at the middle of the assumed

rain season. The true representative maximum dew point should therefors .
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lie betwéén 63 aﬁd 69. Referring agsin to Figﬁre o4, it éan be seen that
in the winter the three curves mergé’into one. In this‘region the maximum
_dew point valuestay be said to be 100% representative. The dew point
'vélue aﬁ the highest point of concurrenée is 65, It is reasonable, there-
kfore,~ﬁo chooée 65 F as the maximun possible representative dew pognt; .It
so happens that 65 was theimaximum San Ffanciscq &ew,point in the December
193? storm, although the San Frahcisco dew points in that situation were
not quite és,repre;entative asg the reduced dew*poinfs at Donner~éummit,
'Which‘were somewhat lower. However, it may:bé assumed that in the maximum
possible storm the San Ffanéiscofvalues would be representative of the
inflow 1ayér.

142, It is necessary also té consider the‘possible duration of
maximum dew points. Meteorologigally, it is not reasonable’to‘assume that
a dew point of 65 P could persistkfor 72 hours,in a Sacramentd storm. Asg
a measure of dew point persis&ence on a scale O to 1, the ratio of the -
average 72-hour value of £ to the maximum f wa; computed for the major

storms. Figure 25 shows, as might be eﬁpected, that the relationship ig

¥ 100 —

@ ——— [ I
s ‘ B et \?l\.\‘_‘:ffﬂvefopmg Curve
o 90 . DS e 18289 adjusted (see lext)
g / s b\(_ i
© a5 Mean GCurve 2 -— b
u ™ —
o -
2 . . —
ul risd o - %
e ‘ ‘
g . : um p 'ew point
& 80
&
g 50
o
x e S SV - .
s 50 5l 52 53 54 55 56 57 58 58 60 6l 62 63 64 &5

MAXIMUM DEW POINT (°F}

Figure 25

72-hour persistence of dew points during storm periods
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2 - a x N 005 =
an inverse one. In other words, it is \\\‘\ﬁl;
generally true that the higher the maxi- <3<
004 -
A soe \\
mum dew point the shorter its duration. = —— \\‘\::::
) x i SN
£ 003 . —
In the case of the December 1929 storm u N
the persistence ratioc was originally .89 %n@
‘ . 7 § so2”
but, since this value included a period =
Lvv])
of high dew points when there wasg no rain
(see Chapter V), it was not properly ' e
. . DURATION (HOURS} )
applicable to the storm period. This
; : Tigure 26

fact was allowed for by excluding & hours o v
‘ Duration curves of average
of duration, and the adjusted value was molisture index for wvarious
: , ‘ ‘ « maximum dew poinbs
found to be .82, which lies on the envel-
oping curve. Duratbion éurves of maximum average values of moisture index
(£) were constructed for all the major storms. From these curves and
from Figure 25, the curves on Figure 26 were drawn. The average values
of moisture index for the various durations of the maximum possible storm
are shown in the following table:

TABLE 45

AVERAGE MOISTURE INDEX FOR VARIOUS DURATIONS
IN THE MAXIMUM POSSIBLE STORM

Duration ‘ Y
(hours) f x 10
12 = = = = = - =~ — Ug.5
oY - - m - - - - L6.6
b 43.5
bg - - o o o - - - ho. b
- 3,2

143, Maximum Wind. Figure 27 shows the mean southwest wind at

- Oakland for the winter season, December to March, for the periocd of record

- 147 -




T — T /"* 1921-33. It will be noted that,

s ' 7 - except for the,surface layer, the
14 - - ' . k
s : / assumption of a linear velocity

{PERIOD OF RECORD 1921-'33}

" ‘ . variation with height is valid,

Assuming geostrophic flow as a

, , ' /' first approximation, the wind ve-

locity may be expressed as follows:

ELEVATION ( THOUSANDS OF FEET) (M. S. L.}

4 : - G
L / T
2 7

i - / : : where V is the geostrophic wind
o ‘/ ’ ‘
o 2 4 3 8 0 12 4 16 18 20 g2 24 26

MEAN WIND SPEED (M. P. H.)

velocity,‘ G the pressure gradiént,
¥ the ﬁarameter due to the earth's
Figure 27 roﬁéﬁion e constant‘fqr ahy’givén'

Mean sduthwest wind, December— ‘latitﬁﬁé, 0 -the'density of the
March season, Oakland, California :

air. The ratio of the velocity at

- five kilometers ﬁo the velocity at one kilomeber is:

T
515
vy oesR

the subscripts referring to the levels. Since the density from one to

five kllometers decreases by one third over a con51derable range of con-
: o1
dltlons, the ratio gg' may here be used as a constant with the valuse

3/2. For the assumpbion that the pressure grédient‘&oes not vary with

G, : v .
height, 62- will equal unity and §§4: 3/2 or 1.5. Summarizing three
' 1

possible values of VS : : : ’
1 , . V’/Vi

Pressure gradlent constant with height : 1.5
Velocity distribution assumed by Bgerknes (12) 1.8
Mean southwest wind .(Figure 27) , 2.0

[eSEAV IR @]
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« v, G G
Since 2=23>5 or D =

V. 26

* 15}!
\Nli’\.')

it‘is’évident‘that‘the second cage implies an increase in pressure‘
gra&ient with height of'ZI% and the third case an increase of 39%. TQ
determine the conditions of maximum wind movement, ﬁhen; it is nebesséry
\ to_considér the types of pressure‘&istribution which will produce the .
strongest winds both surface and aloft.

1k, The most critical wind difection is southwest; therefore, for
pmaximun conditions, we must assume pressure decrea31ng to the northwest»’
ward off the California coast. This is possible with (1) a qpasi~
stationary front off the coast and an anticyclone northwest of the‘front\
(as #n March 1928), i.e., warm air in the'low*pressur; and cold air in
the high pressure; or (2) pressure decreasing contimiously to a deep Low
over the ocean‘(as in Decembai 1937); i.Q., cold air in the 1ow‘pres§ure
ah& warm air in the high pressure.

| 145, TFrom $he hydrostatic equation and egquation of state we can

conclude, as a first approximation, that

(vg - Pyle = KiPe = Kg( )

!

(po - PZ)W = K}.p“\f - K ( )

L3

where p, p, and T are the pressure, den%ity and,temperéﬁure respective—~
ly, the subscript O refers to the suiface and % to a fixed upper level

2 short distance above the surface, and c¢ and w refer to cold and

warn aif; Ky and ‘Ké are positive constants. In the first case (warm

air in low pressure and cold air in high pressure —— curve ABC, Figure 28)
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DENSITY CHART

DENSITY ( GRAMS PER CUBIC METER OF DRY AIR)

PRESSURE (MILLIBARS)
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For the pressure gradient fto increase with height, the expression

(pc - pw)z mist be greabef than (pc - pW)O‘ and therefore the equa%ioﬁ
must be positive. However, since p& the pressure in the warm air is
lower than ,pc,"pw/TW: ig always less than pc/TO;‘ which means that the
right side of the eguation is always‘negative. It is therefore impossible
for the<pressure gradient to increase with height in this case. In the

second case, with a deep Low over the ocean such as occurred in the
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December 1937 storm (cold air in low pressure and warm air in high presg—

sure — ocurve FGH, Figure 28)

(p“., -~ 9g), - (0, - Bglg = Kg(% —'%}

Herg, also, the equation must be“posiﬁive, i;e., pC/Tc must be greater
than pw/Tw for'the pressure gradienﬁ tokincrea$e with height. However,
the steep gradients necessary for strong winds requiré that pw (the .
higher pressure being in thé‘ﬁérmer air) be considerably greater than p; \
'per unlt distance. The denominators Tw and TG must therefore also
differ considerably in the same sense for pC/TC - pW/TW to be positive.
In other wordé, an extreme temperaﬁure gradient must exist to cause the
pressure gradient aloft to exceed the pressure gradient at the surface,

146. In Figure 28 the angle O represents the limiting conditions
for an increase of pressure gradient with a small change in height. The
curve FGH illustrates & possible surface temperature—pressuré profile. A
critical examinmation will Shcw;that the indicated conditions are as
extreme as can be’assume&. In order to have the colder air wifh lower
pressure 1t is necessary to have én occluding cyclone, which means that
the cglé air and warm air will both be flowing northeastward. Uﬁder such
ciréumstanées'sharp temperature gradients are not observed even ove? con—
ﬁinental United States; while over the Pacific, due to the tempering
effect of the chan~surface, steep temperature gradients are not posgible.
In the segment GH the maximum temperature differencevper 10 mb is slight—
1y in excess of 5 degrees. Pigure 29.shows,thaﬁ such a condition could
produce a 90% increase in preséure gradient in 10,000 feet if the lapse

rate in the cold air weré'ary adiabatic, and a constant pressure gradient
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SURFACE TEMPERATURES 60° TO 70° IN HIGH PRESSURE

S o T
e .
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Pigure 29
Effect of surface temperature difference on'vertical‘change
in pressure gradient in a l0,000 ft. layer
with height forva psevdo-adiabatic lapse(raﬁe in the cold aif. Sinceithe
cold air is assumed ﬁo be over the Pacific, it is difficult to postulate
a lapse rate steeper than the pseudo-adiabatic in the first‘l0,0QC feet
sbove the surface.

‘147, The conclusion is that the meximum southwesferly inflow into
the Sacramento Basin‘wiil occur’ with é deep occluding Lowkoff the Pacific
Coast. The pressure gradient required to produce maximumm winds will bei
so‘stée§ that ﬂo\ﬁsmperaﬁure gradient can eﬁist sufficlently steexr téi,
céuse the pressuré gradient to increase with héight in ﬁhe inflow iayer.
’A constant pressure gradient‘With height seems}to be the 1imiting
assumption,

148, For the maximum possible storm it was assumed that there would
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be a convergent cyclonic flow with a radius of curvature of 1200 kilo-
meters at the surface, becoming straight geostrophic flow at 10,000 feet. -
Assumingipressure'grédient constant and density decreasing with height),
neglecting sufface friction and adjusting for ¢urvature, it was found
fihat the velocity-height curve was prébticallyvlinear,an& could be
expressed by the equation |

v = v, (L+ .06z)
where v, is the frictionless velocity at sea level and =z ‘is height in
thousands of feeb. Thé density and curvaturervalueg are shown below:

olen/n) : (k)

Sea level 1,200 : 1,200
4,000 ft. 1,020 : 2,000
10,000 ft, ' 880 P
op
o Constant
X .

ey

1&9. The strongest southwest wind»velociﬁy of record bele 5 kiloe
meters in the‘sdutthSterh Un;fed’States is 150 mph at'Beno? Neva&a,i
This occurred at an elevation of 13,000 féet dn June 3, 1939. Adjusﬁiﬁg
this velocity to the @Q00~foot level by the formula

| | v =v, (1+ .062)
the velocity at 4,000 feet would equalr90 mph.. Thejmaximum obéerved
southwest velocity at Point Reyés is 82 mph On:March‘l, 1902, The maxi—‘
bl obsetved ffom’any direction at Point Rejes is 91fmph'from the north-
west on May 30, 1895. Further‘evidénCe‘will be gi&en in a‘later paragraph
that P§int Reyes is representative of the Y, 000-foot level in the free

air; On that basis, adjustment of 91 mph fto sea level produces a velocity
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of 7% mph, neglecting friction. Under extreme circumstances the §bserved
surface wind may attain approximately SO%’of the geostrophic value., Muol-
tiplying 73 mph by 80% to correct for friction, the obéervea maximam
surface wih& would 59‘58 mph, The maximum observed S5-minute felocity‘at
San Francisco is 50 mph, There is 1little security however in‘attemptiﬁg
to establish values for longer dgrations by use of observed S—minube max—
imum‘velocities. It was therefore decided to use the wind records at
Point Reyes, bné of the best exposed poipts on;the Pacific Coast.

150. Figure 30 shows the average wind speed at Point Reyes for
May 16-19, 1902., This period includes the greétest wind movement ever -
kobserved at Point Reyes. It has already‘been indicated fhat,the veléciﬁy
af Point Réyes corresponds to the H;OOO—foot free—-air velocity in spite

of the fact that Point Reyes is only 490 feet high. An examination of a

i

-~ 90
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2 70—~ :
= €0 \\ S— Point Reyes May 1678, 7902
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o 40 B
= 0 I
= :
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Figure 30

Maximum average wind speed
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topographic chart of this sta-
tion (Figure 31) bears out %the
hypothesis that a westerly

wind is greatly accelerated.

The wind—aloft records at Osk—

land wefe compared in detail
with the anemometef fecords at
Point Reyes, and the conclu-—
sion was reached that, uﬁder‘
conditions of increasing
velocity with height, the
hourly wind movement at Foint
Reyes is actually representa—

tive of the U,000-foot level

in the free air. A great many

examples could be cited. The
following is an illustration:

February 23, 1937, 2 p.m.

Oakland Miles perAhour
Surface ' 7
1640 ft. 7
2460 £5, 9

3280 ft. 22
- Point Reyes
26 miles per
hour

Lo20 f1, 36

lIN3 : 9

BRIy

NN

\5 \\\\\\ \ A

Lo Jiond,
el

!f 2 o€
’\\\\ Res

Plan of Point Reyes Peninsula, according to a survey made

- in 1880 by United States Engineer Corps. 1. Fog signal station;

clevation 100 feet, 2. Light-house tower; elevation 250 feet. 3.
Steps and chute leading to the light-house and signal stations. 4.
Tank; elevation 460 feet. Anemomecter on the tank; elevation
490 feet, 5. Weather Bureau building; elevation 490 fecl. 6.
Location of the new storm-warning tower; the ground at the tower
is 540 feet; the peak is 650 feet high; the anemometer on the tower
is about 593 feet above sea lovel. 7. Residences of the keepers,
8. Highost point of the ridge; clm abion BYT feet. 9. Life-saving
station,

Contour of Point Reyes, as seen from the northwest. 1.
Fog signal;- elevation 100 feet. 2. Light-house tower; elevation
250 feet. 3. Bteps and chute leading to the light-house and signal
statfons. 4. Watertank; elevationd60feet. 5. Weather Bureau
building; clevation 480 feet. 6. Storm-warning tower; elevation
of ground 540 feet, 7. Dwelling of light-house keeper. 8. High-
est point of the ridge; elevation 597 feet. A, Poiut froms which
photograph C, or fig. 3, was taken. B. Point from which photo-
graph A, or fig. B, was taken, € Polnt from which pholograph
B, or tig. 6, was taken.  D. Former exposure of the ancmometer,

Figure 31

Topography of Point Reyes
Extract from Monthly Weather
Review, February, 1903

There is good qualitative evidence that northwest winds are peréiStently
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strongerjthaﬁ southwest’winds at'Ppint Reyes. However, the major porbtion
of the Point Reyes wind record is for velocity only and velocity—direction
data are fooklimited and difficﬁlt to organize to make a statistical

"~ determination of the ratio.

151. It is necessary, négx; t0 compare the synortic situation
which produced ﬁhe(ma#imuﬁ wind'mo?em@nt of record with the synoptic
paftern proyosedvfor the maximum possible storm. The strong winds at
Point Reyes during May 16~19, 1902 were caused by an intense anticyclone
over the Pacific Ocean, with cyclonic conditions imland. The isobars

'OVer the ocean showed appreciable anticyclonic curvature but on the
a&erage'they were approximéfely straight in the vicinity of Point Reyes.
During the maximum possible storm; it has been assumed, the winds a%
ﬁ,OOO ft. will have a cyolqnic radius of curvature of E,OOkailometers.
Over‘the range’of velocities cénsidered for the maximum storm such a cur-—
vature wouid»reducsvtha wind to S?% of the geostrophic Qrfstraightmisobar
‘value. It was therefore decidei to take 87% of the observed maximum
northwest straight flow as being representative of the maximum possible
réyclonic‘southWest lew. This leaves two factors of opposite sign un-
eﬁgluate&. The first is that isdbérié gradients are generally steeper in
cyclones than in anticyclones. During May 16-19, 1902, however, Poinﬁ
Béyes was situated east of(the anﬁicyélone and west Qf the cyclone, and
pressure gradients west and northwest of the cycloﬁe are generally steep—
er than on the eastern side., The second factor ls the relative magnitude
of the aCceieration of ﬁorthwest and southweét‘winds at Point Reyes. The
maximum observed southwest vélocity‘of 82 mph at Point Beyes»is 90% of

the observed maximm F-minute northwest wind of 91 mph. As mentioned
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earlier, B-minute values such as these are not too reliable criteria but
~at least the order of magnitude is in substantial agreement wifh the
assumed g7% ratio Qf southwest 0 northwest winds. To carry the compari;
son still further, the cdrrected Point Reyes Winds were adjusted to sea
level and then reduced 20% aS~a'Qorreptidn‘for surface friction. The

results, compared to observed maximum winds at San Francisco,follow:

Mean for
12 hrs. 24 nrs. g nrs. 72 hrs.
Adjusted Point Reyes 35 32 . 30 27
Observed San Francisco 3 31 26 22

The following table contains the assumed maximum average wind speeds for

various durations at the 4,000-foot level:

)

TABLE 46

SPEED-DURATION IN THE MAXIMUM STORM

Duration Average Speed, mph
6 hrs. — — - — = - - — -~ 61
12 hrs. — - - - = — = — - — 58
18 hrs. - - - - = - > - - =55
2l hrs, ~ — = — = = = = - — b3
30 hrs, = - = — = — - — - - K2
36 hrs. — — — — = — = — — — h1
Yo hrs., -2 - - - - - - = ~-50
bg hrs. - - - - - - — - - = hg
Bh hrs, — — — — = — = — — — g
60 hrs. — - = — = e 47
66 hrs. — - - - - — — — — - U6

72 hrs. = — = — = — — — - — Up

152. The Maximum Possible Precipitation. With maximum values of

v and f determined, it 1s a simple arithmetical operation to derive

the maxiﬁum;depth—duration jalues; Table.UY shows the computations. for
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the various durations of the 72-hour maximum storm in the Sacramento
Basin:
TABLE 47

‘

DURATION~-DEPTH COMPUTATIONS FOR THE MAXIMUM 72-HOUR STCRM -

i3 Ly ' f}’ﬂ_oLL R
12 57.8 h9.5 | 3.4
2l 52.8 , 46.6 5.9
36 50.7 43.5 7.9
Ug ' hg_ 7 Yo.4 - 9.5
72 g 3.2, 11.0

t = duration in hours

v = average wind movement, mph

f = molsture index ' '

R = average depth in inches =t X v X T
The values in column R are the maximum possible depths for durations u@
ﬁoiand including 72 hours. It may well be thét foi a storm of greater
duration the total depth could exceed 11,0 inches, in which casé,.
however? the average intensities for &urationSjap.to 72 hours would
probably be less than the values in the abo&e table. |

153, The maximum possible precipitafion here éomputed need‘not be

increasged by any reliability factér. Four eiements entered into the com—
’putatioﬂ.‘ The basin'constaﬂt was tested in nine major storms‘and found
’tg‘requir&'ﬁo corroction‘Coefficient.v The maximum reduced dew point
Vcould ccnceivabiy be’higher but this effect would tend to be caﬂcellé& by
- thevconséquent decrease in ﬁersisﬁence.v Since southwest flow W&skfcﬁnd
o be mést Critical and a coﬁtinuous southwest direction was assumsd for
thé,stqrmkpefica, no adjustmeﬁt to higher values was possible in that
fespeét.‘ Th§~maximum wind spee&‘was 6btained by reducing‘thé méximﬁm

obgerved northwest wind at Point Reyes by 13% for cycleric curvature. -




'Any forther modification for difference in persistence would tené'to
reduce the wind speed in the maximum storm. No such modification was
made. Since thié effegt would more than counterbalance any other
iﬁfluences acting to increass the precipitation; the computed values cf‘
maximum possible precipitation can be said to contain an adequate re&ia;
bility factor.

154, The December 19%7 storm is é meteorological model of the
maximum 72-hour storm. The following adjustments of the 1937 storm would
produce the maﬁimum possible storm:

Dew point adjustment ‘ 13% increase

Wind adjustment 14.5% increase
Combined adjustment - 29.4% increase

185, ‘At this point certain questions may arise which are p§rtinent
to the fundamental theory of the maximum possible storm. If a basin of
the same gize, shape and location, but with none of ?he orographic fea-
tures of the Sacramentc Basin, were assumed tQ exist, what would be'iﬁs/
maximum possible 72-hour storm? It would be’éréater’than for the real
basin.‘ The purely meﬁeorological factofs would be the same but the oro-
graphic'bérrief would be goné. This conclusion seems to Ee a contradic-
‘tion’of the well-founded notion that the orographic effect is to increase
rainfall. The contradiction, however, is not real. In comﬁuting the
maximum possible Sﬁorm we have already gone beyond the pure orographic
effect. In fact, the maximum efficienay in rain(production has been
assﬁmea. The necessary mechapism:is either a«featnré of the/atmospheric
circulation or of the basin; Ag part‘of the circulafion it can oceur

over the hypothetical basin by chance; but in the real basgin it is an
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invariant and ever—present property. The important point is that even
though the maximum possible storms are of nearly the~same magnitude, the
orographic effect‘will be to increase the freguency of'near-maximum
‘storms.

156. Recapitulation‘of Symbols. TYor reference purposes the more

important symbols used in this chapter are listed below:
'A Area of basin (square miles)

D, Reduced dew point (°F)

f Moisture index (inches/mile) = Kify, where K applies to
Assumption III : :

H Effective height (ft.)

X Geometric or basin constant (miles—l)

k W-

Py

Vg

~

I Lift coefficient (

M Amount of moisture which can be precipitated out of
each unit column (inches) -

p Pressure (mb)
q Specific humidity (gm/kg)
R Average depth of precipitation over area (inches)
o Density of air (gm/mB)l
T Temperature (°A)
t ' Time (hours)
v Wind veldcity‘(miles per'hquf) 
y Effective precipitabie Qater~(inéhes)
‘W‘,‘Precipitable wéterv(inches>'f:._'

. %,7,%z  Space coordinates (x, y in miles, z in feét)
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CHAPTER VII
SNOW MELT

157. Melt Factors. The thermodynamics of snow melt has been dis-

cussed inrdetail in ?revious re@orts (l) g} and in Technical Paper Fo. L
(50). Briefly stated, the major factors pfoducihg fa?id snow melt are
considered to be turbuleﬁt transfer of heat and moisture between the air
andvsnow gurface. An approximate formula, relating the rate of melt over
a draihage area to observations of wind velocity, temperature and humidi-

ty'atrstandar& levels above the surface, is:

~.0000156h

D = XU [100184(T~32) 10 + .00578 (e-6.11) ]
where D is melt in inches of water per 6—hour period
U is wind velocity in miles per hour at the 50-foot level
T is temperature in degrees Fahrenheit at the 10-foot level
e 1is vapbr pregsureAin millibars at the 10-foct level
‘h is éle#ation in féet above mean sea level
and K  ig a regional or bagin constant. |
The value of K reflecﬂs the surface characteristicé of the basin of
’region and is assumed to remain constant for all ranges of wind velocity,

temperature, humidity and elevation. Its value is unity when the formula

is applied to determine melt over a smooth exposed snow surface. The
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-10 _ ' results of such a_de-
T .08 | 1. /
- , termination are pre-
§ 08 Effective Melt by ‘ . 4 .
] | | condensation| | |/ o] sented in the form of
o i : / ] .
2 .07 , z . .
H 1A ‘yé g a graph in Figure 32.
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04 - 4 © .
3 )% el a . : .
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o ) P2 e
. o alent melt (per wind
& .02 Z S
n / R
¥, velocity of one mile
2 | |
. 0 1 : v , » per hour) caused by
2 327~36 | 40 | 44 | 48 | 52 | 56 | 60 | 64 | 68 :
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= ~
(o]
=z P : . s
0 -.02 |— Effective Negative — A - C at various elevations .
. Melt by Evaporation I - — :
SPY. ) T ], - as a function of dry-
"32 28 24 20 1B 12 8 4 0
DEW-POINT ( °F.)
' bulb temperature; the
Figure 32 ; ~ -other set, labeled
Theoretical rates of snow melt due ‘ "effective melt by

to atmospheric turbulence
evaporation or conden-

satioa,“ gives the additional gain or loss 'of melt (per unit wind\veloci~
ty) as a funcﬁipn of dew point.

158. Inkthe Sacramsnto éﬁud§ considefation ghoul& be given to t&o
distinguishing featurég of the basin: rugged topograrhy and forgst cover.
Melting rates decrease with increase of elevation because of the decrease
‘in the air density With height, and also because of the ﬂormal‘debrease
of temperature and dew point with height. Ag meiting pr@gresses, the
snow line recedes t0 higher elevations and the percentage pf éncw¥

covered area, over which the melting rates are effective, decreases.
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Melting proceeds at a rapid raﬁe near the shOW'line and decrcases to zero
at some limiting elevation. 'if a sufficient depth of snow exists below
the zero level of melting effecﬁ, melt water may be stored in the snow
blanket., Therefore, another factor tending to regulate areal melting
.rates in:the region is the normal increase of snow dépth with elevation
which may confine the runoff contribution from melb to the lower eleva-
tion zones above the snow line. During'abnormal conditions,.however,‘
some melt may occﬁr at all elevatiéns in the basiﬁ when shallow depths of
snow fall to hold back rapid contribﬁxion of melt water and rainfall to
runoff,

159. Most of the regi&n abofe an altitude of 2,500 feet is densely
fgreéted. The major portion Qf snow melt contribution occurs in that |
area‘but the application of the melting formula to melt underneath dense
forest stands is questionable because of the redué%ion of wind velocity
ingide the forest. However, since the diffusign of heat is also greatly
reduce& in the forest interior by virtue of the protective covering of
foliage, branches, atc.,’most ofttheAmelting that does occur‘within a
forested area musf oceur in the numercus openings, parks; and other
cleared spaces where theyheaf exchéngeiwoulﬁ be goyerne& by the turbu- -
ience regime, and where melting would be proportional to the melt over a
fully exposed area. The assumption implied in theVuse of & basin con-
stant is that‘a coﬁetant ratbio existS'beﬁween melts in various portions
~of the basin area during periods of warm moist winds. Thus, although the
portion of the bagin ares bccupied by dense clumps of treeg is eséentially'
ﬁoncontributing during such periods, the use of a single basin éOnstan$

and the melting formula is still adequateAas a tool for extrapolating
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-melting rates from moderate wind velocities to:the‘strong winds charac—

teristic of the meximum storm.

160. Determination éf Gonstant, The basin constant is determinea
by,correlationvof snow melb values ébtained by analysis of rﬁnoff records
from past periods of rapid melt with correspon&ing values computed from,
meteorological observations. In the Sacramento Baéin it is probable that
the most rapid ﬁelting hag occurred &uﬁing storm périods in the winter
fseason.? Unusually high'temperatures and dew points have occurred during
o a number of storms of record and produced rapid depletion of the existing
snow cover. However, the analysis of such situations is fruitlesa because
of the difficulty of sepérating sﬁow melt ffdm rainfall through the use |
of stream-flow ?ecords. Another compiicating factor is the fluétuation
of the 3291isotherm with elesvation dufing tpe pr;greSS‘of a étorm; This
signifies that at;ceftain elevations the precipitation méy‘altefnate
bétween gnowfall and rainfall and the contribution to :unoff from vafious
elevation zones may be eﬁtremely complex. |

161. During the late sﬁring or eafly summér; meteorological gitua-
tions may occur when wafm moist air flows in at moderate ve1§cityvto pro-—
duce falirly high rates of meit at intermeaiate and upper elevations in
the basin with Little or no agcompanying rainfallgﬁ Flooding of upstream
tributaries may take place at such times and discharge records'may furnish
a convenient source 5f data for estimating the total volume and ﬁimé'dis—
tribution of mels. HoweVer, calculationg of theoreticai melt for such .
’peribds offer‘greater difficulty because radiation usually exerts a éig~

nificant influence and has to be evaluated from limited data.

162. The following table lists ten snow melt floods of this type
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for the Feather, Tuba and American Basins, arrange& in descen&ing order
of magnitude of flood reaks:
TABLE 4g

| SWOW-MELT FLOODS —— TEATHER, YUBA AND AMERTCAN BASINS

Basin Date of Flood Peak Runoff in Inches
o Max. Day

Americen River ab May 15, 1938 52
Fair Oaks - June 12, 1911 : RIS
: June 1, 1922 R A

April 21, 1938 - 57

June 1, 1938 I 1%

May 6, 1916 ~ .3%

May 16, 1927 .33

May 1, 1919 , el

May 14, 1937 .31

May 10, 1923% .29

Yuba River at . May 15, 1938 N
Smartville - June 2, 1922 - A
April 14, 1904 RI%

May 6, 1916 ' A7

May 14, 1904 : 46

June 5, 1911 b5

May 14, 1917 RIS

May 15, 1927 S RN

June 11, 1911 R

April 21, 1938 .39

Feather River at April 14, 1904 A
Oroville May 15, 1938 .37
\ : April 27, 1922 I .26
March 19, 1914 , .26

May 1%, 1904 .25

June 3, 1911 .23

May 31, 1922 , .22
May 9, 1917 21

May 5, 1914 ) .21

June 1, 1938 k .20

163. From the above 1list, the May 1938 flood in the Yube Basin was
selected for detailed study because of the 1arge,volumezand peak rate of
SNow meit runoff during a single ris@yéf the hydrograph, absence of rain-—

fall as a contributing factor to runoff, and relative sufficiency of .
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basic data. The locations of observation stations in the Vicinity'of the
basin are shown in Figure 33, and the data are summarized below:
o .

TABLE ugr

SOURCES OF DATA — YUBA BASIN - MAY 1938

Runoff Data
Basin . Ares Type of Data
Middle Fork of ?uba at‘Milton \ i - Continuous Hydrograph
North Fork of Yuba at Sierra City , 91 Mean Daily Dischargs
Middle Fork of Tuba near N. San Juan 207 " " "

Meteorological Data

Station k Elevation, Feet ' Type of Data

Donner Summit (Airways) = 7195 Hourly temperatures, dew points,
wind velocities, cloudiness, and
6-hourly snow depth measurements

Blue Canyon (Airways) 5283 Same as above

Soda Springs 6871 Daily precipitation and snow depth
Bowman Dam ) K346 " o L. 0
Blue Canyon 4965 e " ot "
Lake Spaulding 4600 & t oo i n

Scales 4300 i L n oo
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Concurrent meteorological and precipitation observatiors pertinent to the
analysis are plotted in Figure 34, for the period of study May ;-Zﬁ,’
together with the hydrograph of discﬁarée for the entire Middle Fork qf
the Yubs based on the combined records of the Milbton gaging station and
the diversion throﬂgh’the'MilténeBowman tunnél. The curves for wind,
temperature, dew point and runoff are based on 6¥h0urly bbéervations.,
The analysis of thevdafa shown‘in the figure ig composed of twé sectlons:
computations of the theoretica} ?oint melting effect from meteorological
observations and determiﬁation'onOVér—all basin melt‘from discharge
records. |

164, The compuxa%ioné of thecretical’meit were based on the assﬁmp—
tion of a horizoﬁtal smoéth gxposed snow surfécé.' Melt due to atmospheric
turbulence h;& to be determined separately from meld céuse& by radiation.

In computing the effect of heat transfer from the air by turbulencé, the
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‘graph of Figure 32 was applied to observations of femperature, dew point
and wind felocity at Blue Canyon Alrways Station. Observations at Donner
Summit wefe hot considered representative for the region because the stéu
tion is located in a narrd& pass that tends %o réstrict the air flow %o
an‘eastwwest—diréction. The net melting effect of ihcéming and cutgoing
radiation was eétimated from observatibns of cloudiness and dew point. A
- graphical prbcedure &evelopea by Wilson (};9) was employed, using a md&i—
fie& albedo for melbting snow of 60%. 'Adjustmenﬁs of melt for percentage
of area c9vereﬂ with}Sncw were made according t6 the procédure shown in
Figure 35, It was aséumed that, on the date the snow disappears aﬁ a
particular station, the station elevation represents‘thé mean elevatién
‘of the snow line. Accordingly, the pércentages Qf snow-covered area wefe
rea& off the area—elévation curves from available dates of snow‘disappearw
ahce‘and‘then plotted against time to determine the snow~cover,area—time

CUrves. . The daily increments of computed melt were next multiplied by
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the appropriate area factors to obtain average depths of melt for each
successive time interval. |

165. The hydrographs for the three sub-basins listed in the data
summary (Table 49) were analyzed‘in detail to determine the apprqximate
volumé and distribution of melt fér the period May 4-19, inclusive. Sub-—
freezing weather occurred prior to May 4 and it was assumed that dis—
- chargs on thét date was eﬁtiréiy bage flow, the excessive value of the
flow indicating near-saturated soil. A vglue of ground water rechargei
‘ waéfes%imated from uniform base flow an& addéi‘tb direct runoff to give -
the‘éntire &olume of snow-melt runoff during the period, The time dis-
tribution of melt was obtained by correcting the increments of direct
rundff for channei storage by the Langbein‘(Eg) fethod involving the use
of a,storage—discharge‘curve for the basin. This waé developed from the
recession’hy&rograph of the December 193%7 flood. The values of channsel
inflow thus obtained were iﬁcreasedgby.tbeyr&tio of total runoff to direct

runcff and accu-
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‘mass curves shown . o , :
' Double mass curve of compubed and observed melt,
in Figure 3%6. ‘ '  May 1938 flood
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166. The following table summarizes the results of runoff and
meteorological analysisf
| | TABLE »0
THEORETICAL AND OBSERVED SNOW MELT
. YUBA BASIN - MAY 193%8
Run~- Turbu- Radi- Total K

of £ lence ation Theoret~
: Melt Melt ical Melt

Middle Fork of Yuba at Milton 2.8 13.0 L2 17.2 0.75.
North Fork of Yuba near Sierra City 9.7 14.9 b1 19.0 0.51
‘Middle Fork of Yuba near N.San Juan 7.6 9.2 2.k 11.6 0.67

The consfant, K, in each case was obtained from the slopes of linesg drawn.
through the plotted points in Figure 36. The ghpirical‘constant to %é
used for determinations of critical melt, then, has an average value of
0;6; Differences in the value of X ‘gan be ascribed to errors lnvolved
“in runoff analysis andrin the estimates of snow-covered area from the
meager ﬁumber of snow depth measurements. Another possibility is~that
these differences are real and represent variatiéns in bagin characteris—
tics. However, in the absence of any detailed information on tepography,
foreét«ccver; etc.,, for the three basins iﬁ guestion, jt was decided to
~adopt an avérage valﬁe for the empirical constant and to apply this value
throughout the Sacramenté watershed.

167. . Antecedent Snowaover. Ordinarily, snow begins to accumulate

cin the mountains of the Sacramentoc Basin in the late aubvmn or early
winter and reaches a maximum;depth in April. The winbter snow pack,'
~within the limits of observation, is usually wedge-shaped in profile,

with the snow line 100&%6& at approximately h,ODQ feet. The water

equivalent of the normal April snow pack increases with elevation to an
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average &epth of about 50 inches at 7,000 feet. Abo#e‘this elevation
the observationg are inadegquate to estaﬁlish a relation, if any, between
séasonal'snow‘aécumulation and elevation. Speculation on this subject
is rather pointle§s becausge only aboub Q% of the entire bésin area is
above/T;OOO feet,

168, Usually most of the snow melts in‘the late spring, after the
winter season has ended. Table’ug shows that peak rates of streamflow
from melting snow alone have been only a fractioh of the magnitude of
those peaks which include runoff from rain. The great range in eleﬁatibn
and great variation in snow a¢0umulation do not permit ﬁniformly high
melting'rafes to occur over more than a small portion of the Sacramento
Basin, Ordinarily, by the time snow is contributing~runoff'from high
elevations, the areas of low elevation have lost their snow.

169. Examinétion of snow records antecedent to the mégor flood '
occurrences reveal deficieh@ amounts of snowfall and snow cover. Thig
seems Lo support ihe view that the existence of é normal snow pack of
high storage capacity precludes serious floods. The fecords also show
that, except for glacier recmnants and scativered ?atches of snow, the
entire Sacramento Basin has been bare of snow at various times in the
rainy period. An example of éuch a situation occurred on Februvary 10,
1918, when the maximum recorded depth Qf snow on the ground at any of
the 5M‘Weather'3ureau statioﬁs reporting was 12 inchesv at Fordvoe Dam

‘where the normal accumulated snowfall by February 10 is about 200 inches.

170. Thus far, the discussion of snow has dealt with the ordinary

or normal relationship of énow‘to fl§ods in the Sacramento Basin.

/ ,
However, "the conditions leading to a maximum possible storm are not
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ﬁormal ofkordinary. kThé maximum possible flood will result from a
'sefiesgof abnormél events which can reasoﬁably be expected to'occuf.
The'#arious possibilities are discussed in detail in the final chs@ter
of the report. One possibility is a saries of rainstorms, immedistely
préce&ing the critical sﬁorm, that would éaturate the s0il and raise all
the streams to bankful stage. Thisfwould @reciude the existence of a
snow éover‘in the valley and foothills of the basin. Since snow does
not accumilate at low elevations becéuse of melting betﬁeen successive
snowfalls, another possibility is a single heavy snowfall criftically
Cdistributed over,ﬁhe basin prior to the maexioum possiblg storm. Such a
snowstorm Would occur with little of 0o snow on the gfound at uppar;
elevations and produce abnormal snow depths at low elevations. In order
to’arfive at an optimum sﬁow distribution, an inveétigationﬂOf snewfall
and snow;&epth records in‘ﬁhe bagin was nmads,

171. Critical snow‘siﬁuations are nol idéﬂtified with floods, as
heavy réins are, because the snow méy not melt at a raté guch as to céuse
a floéd commensurate with itskpotentialities* Therefore the entire
period of record at all stations (Weather Buréau since 1893 and Califor-
nia Snow Surveys since their beginning in 1932) was studied. In examinw
ing thé recor& it was observéd that a snow gt§rm in the vailey fleoor
Seldom‘lasﬁed lohger than a fGW‘hOQTS. The duration increased with
elevation, %he snowfall at high~a1titud93‘freqﬁent1y~laéting;for several

“days;‘ It was determined that a storm lasting 72 hours wdﬁld be of'
sufficient duration for the most critical accﬁmulétion at elevaticns
below S;OOO feet.

172. Attempts to draw isochion maps for the significant snow
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storms were not satisfactory because of the paucity of stations. Depith-
elevation curves were therefore plotted for the storm periods identified
by the foiloWing dates on which the: total accumulation éurihg the storm

was measured:

Jamary 1, 1899
February 7, 1903
March 23, 1907
January 14, 1910
December 5, 1910

January 12, 1911

January 14, 1913
Janvary 1, 1916
January 18, 1921
February 9, 1922
January 23, 1933

January 27, 1933

Figgré'BY shows the elevation~&eﬁth curves of water équivalent of snow-
~ fall fér the‘sﬁorﬁs.én&ing January‘12,>1911 and Merch 23, 1907Vin,29ﬁe

HGl,‘the Tuba Basin, BEither of these storms could havé occurred with,
negligible anﬁecedéntVSnow cover,vfollowedvimmediately by a faihétorm,’

The recordishows a mumber of instances'of‘heavy snow followed by heavy

~
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raln,kas in. January 1862 (see Chapter V) ;Similar,studiesfwefg garried‘
out ?or the remaining zones_ln»theAba51n én&‘the resﬁlts are listed in:
the;follQWiﬁg'table: |

| TABLE 51

DEPTH«ELE?ATION RELATICHSHIPS FOR WATEB.EQEIV&LE&T oF MAXIMUM
: ' RECORD SWOWFALL IN THE SAC?AMENTO BASIW

Average Depth of Snow (Water Equxvalent) on Ground

ulevatlon Zones Zone L Zone P Zone N  Zone B Zone ¥  TZone-d Zones

- Thous.Ft.  AEK , SRR C, C,DFGH
0-1  2.2° .5 - - 5 1.1 - 0.5
1-2 ko - - 4.0 - 2.0 - - 1.0
2 -3 ‘3.5 - 5 3.5 -~ 3.2 6.0 3.0
3 -4 2.k - .8 2.4 - 6.2 8.0 10.0
Lb-5 2.0 - 1.5 2.0 = 5.2 5.0 8.5
-6 1k - 21 1.b - 3.7 5.0 6.0
6 -7 1.0 - 2.0 1.0 - 3.0 5,0 5.0
T - g - — 2.0 - - 2.5 5.0 5.0 -
g8 -9 - - 2.0 - - 2.5 5.0 5.0

(Dassh signifies zero area within elevation interval)

The study indicated that a conservative upper limit of critical snow

‘depth'aﬁd:éisfribution;af'lbw elevaﬁions has been é@p?oaéhé& a’ﬁﬁmﬁé? éf‘;;f
%imés. ;Thé:jéiﬁ§§’in;thé‘téﬁle‘fepresenﬁwthe optimum qn&éﬁitiéS‘an&'digé :
ﬁfibuﬁion thét can bé{assuﬁed %0 exist éhféhe basin pri§r,fd the‘makimum ?
poésible~s%orm.“' Exﬁ apolatlon of the crltlcal snow storm to greaterA 3
,‘denths of snow would be unreasonable because‘a dewkp01nt hlgh enouwh to‘
0roduce géeater orecxbltatlon amounts would cause raln 1nstea& of snow“
auglow elevatlons and ralseythe elevatlgn of the;snow 11ﬁe{ an&;'één; o
versely, a loﬁer‘dew ?oint would‘pfa&ﬁce leSé'éfecipitaﬁibn.

173. Critical Snow Melt. The block diagrams of wind velocity and‘fg

dew point shown in Figure 38 are obtained from consideration of the
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‘meteorological factors attending the

= o B
. < i . L @ — —
maximum possible storm and represent an £° -
« ‘ . £ im 'ul
2 > x * w ° "
index to conditions in the surface 2 ]
W
: - Eao
layer of the atmosphere during that s focuced daw pont
. ) 32
storm.  The arrangement is symmetrical, ¢ ”'““3°“f2$£‘“°6” 7 54 e
. . ‘ 40 : —
the maximum wind coinciding with maxi- N
4 & 30
. _ g = ]
mum dew point as in the December 1937 - L 1|
: : w20
: ' 2
storm. This series of meteorological 25
. - o .- Wind velocity
N . . R . . . at Blug Canyon
svents, in conjunction with the critical 0 bk
. . 6 12 18 24 Y0 36 42 48 54 60 €6 TZ 7§ 84 90
HOURS
snow—~cover distribution of Table Hhl
Figure 38

assumed to exist on the basin prior to

, Agssumed meteorological
the influx of warm air, forms the basis sequence for computation

S of maximum snow melt
for determination of snow melt contri- :
bution to the ﬁaximum possibleiflood. ThevelevationfofJBlue Gahyon»Airm
ways Station, 5,283 feet, was selected as a reference level fﬁr win@
velpcity becavse the empiricsl snow melt constaﬂt was defived by means.
of observations at that station. Since Point Reyes is the index station
for the wind vélooities used in compubting maximﬁm possible preéipita%ion,
a study was made fo determine the relétion,between wind at Blue Canyonk
and Point Reyes. This study showed that a fairly constaﬁt,ratio of 0.64
exists betweeﬁ the wind velocities at the two statiohs for periodé
marked by gtrong winds.  Hence thé wind velocities used iﬁichapter VI
were multiplied ber.ék‘to obtain the values shown in:Figufe 38;~

l?h, “Sincé thevair~mass is approximately homogeneous aﬁd satufate&
;t all,surface levels dﬁring the period of raianfall, dew point is an

“index both: of temperature and vapor pressure for the entirs aréé. The
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‘;variaﬁion,of dew point with‘eleva%ibn,‘anthis case,'is governed by the
péeudofadiaﬁatic 1apseqra£e,and, for a givén wind intensity,vthevmeltfhg
| effeét at any point in the basin can be rélated tg redﬁced dew point.
:The Qﬁesﬁion of surface ﬁind‘velocity distribution over thé area cffers
greater difficulty becavse of nnﬁerous factors affecting wind, such as
elevation, as?ect, degree of slope, and ground,fougﬁnessf Tp sin®1ify
the prqblem,Vover—allrhelting rates within a given céntouﬁ intervalrwere
assumed"to be constant for all zones, and averageimelt Within an entire
zone therefore dependent only on the elevation characteristics of the
Z0Nne.

175. The increase of»geostrophic wind with height in the free air
during the critical storm was shown in Chapter VI to be a straighteline‘
function of height. It is ah éccépted fact;thatﬁ for a given roughness
of grbund and anemometer height, surface wind is propertional to geo-

strophic'wind.during periods of moderate

o ‘z// to strong winds, Therefore, for the
* / purpose of computing critical snow melt,
, A

‘ , // ’ ; Cit was assumed that the ratio between

B Conyon 5,283 1

]/

- surface winds at various elevations is

equal to the ratio of geostrophic wind =~

© ELEVATION {THOUSANDS OF FEET)
. o

velocities at the same elevations. The

2
' L : // : 1 . graph of Figure 39 has been constructed

/

o ‘ o ‘
60 70 80 90 100 Ho 120 130 ks i 1 X i HR
O ek oo e on that basis and expresses wind veloci

o ty at a particular elevation as a per—
Figure 39 ‘

. centage of the velocity at a reference
Percentage of Blue Canyon , :
wind velocity vs. elevation level of 5,283 feet, the elevation of
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Blue Canyon Airways Station, 0=ku[,00184{ T-32 110791560+ 00578 {6 ~6.11)]

£ tk=0.6) -
- 3.07
176. For convenience 2 08 - ¢
‘ ;.os ; :’
. . z
of computaticn of gzonal 2 o 5y S AT A
& y‘(;,oo{oﬂ: A AT
. . DR OV gP
. melt, the wind-elevation Zos y%ﬁiﬂﬁwoon’ Z9
£ .0 L f9§g%£ifggﬁﬁé/:/’
) . . 1 0% 50
and dew point-elevation re- 2,0 A AT I P i ivn?
, = T TR = DTS
. ' . g o L > % L L1 A d dl
lationships, together with 2 "3 3 40 44 48 52 56 & 84 68

REDUGED DEW POINT (°F.)

the empifical constant
: Figure 4o
previously derived, have : ‘
V Snow melt duve to saturated air per uniid
been utilized in developing wind velocity at Blue Canyon for
) various elevation intervals
the graph of Figure 40. D
The curves relate values of snow melt during 6-hour periods to reduced
&ew point for thousand-foot contour intervals and for a unit wind
veiocity of one mile per hour at the reference station, The process of
computabion involves first.the defermination of values of potential meltb,
or melt that could occur if sufficient snow were available, for each
elevation zone from zero to 10,000 feet, using the critical sequence of
Figure 38 and the curves of Figure 4O. These amounts are then applied.
to each zone in the following menner: Increments of melt are accumulated
vp to the maximum &@pth of snow for each contour~iﬁterva1. The values
- of accumulated melt are then weighted by‘the regpective areas included
within the intervals and totaled to obtain the average accumulated zonal
melt. In order to illustrate the method of computation, Tables 52 to 55
are presented. The increments of potential melt per unit wind velocity,
applicable to the entire region, are shown in Table 52. 1In Table B3 the

same values are multiplied by the appropriate wind velocities of the

meteorological seguence. In Table 54 Zone D is selected as an example.
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Period A 6
Ending, Hrs.

Reduced

Dewpoint (°F) 40!

0—1 10
3 i1-—2 5
“ : :
Q 23 0
a
p— 3,....,_1_}, - 0
e
s o
S
Ess o
s : ,
S 67 0
®
P1e o
o
B
&9 0
910 0

e

46

21

16

11

TABLE 52

INCREMENTS OF POTENTIAL MELT PER UNIT WIND

Unit = Inches x 1075

18 o4 30 3% 42 U8 54 60

5L 55 58 61 64 65“ 64 61

32 uo; W7 55 ;62 | 65 '62 5%
27 36 U3 51. 58 61' 58 51
o2 31 39 L6 5% 57 o5 46
17 26 3% W 4g 52 49 1
11 20 28 36 W W7 W 36

5 1 22 30 3% W 383U
»’_0 -8 16 b . 32 '*'35/‘ 32 2l

0 o 10 18 26 29 26 18

o 0 T ) 20 23 20 12

0 o 0 6 1+ 18 1+ 6

66

58

b7

39

28
22

16

10

78

5L
| 32
gy

22

17

11

gy

46

o1

16

11

90
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o= 6lT -

Feriod

Ending, Hrs.

Wind (mph)
Velccity

Flevaticn Interval (1000 £%.)

0--1

12

1z

22

INCREMENTS OF POTENTIAL MELT ADJUSTED FOR WIND

18

ol

‘24

26

1.0

30

28

1.3

TABLE 53

Unit
36

30

“1.6

1.p
1.4

1.2

- 1.1

Yo

53

2.0
1.9

1.8

1.6

105

1.3

1.1

-9

.5

Inches

hg

39

2.5

2.4
2.2
2.0
1.8
1.6
1.4

1.1

5l

33

2.0

1.9

1.8

1.5

1.3

1.1

60

30

1.6

1.5

66

28

1.3

78

ol

[

oY

e
= ul

gl

22

30
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Elevation

Interval, Ft.
0 —--1000

10002000

2000--3000
3000--4000
4000--5000

5000--60C0

6000--7000

70008000

. 8000-~9000

90C0~-10000

Snow

Depth

0.5
1.0

3.0
10.0-

6.0

5.0 

5.0
5.0

5.0

6

0.2

0.1

12

0.5

0.5
0.2

0.1

18

6.5

1.0
0.7
0.5
0.3
0.1

TABLE %Y

ol

0.5

1.0

1.5
S 1.2

0.8

0.5
0.2

0.1

ACCUMULATED MELT FOR ZORE D -

Period Ending, Hours

. ‘30
0.5

1.0
2.6

2.2

1.6
1.1

0.6

o.n

0.1

0

36

0.5

1.0

3.0
3.4

2.7
2.0
1.3
0.9

0.5

0.2

Lo
0.5

1.0
3.0
5.0

L.2

5.3

o

E_J
[av]

ug
0.5

1.0
3.0
7.0
‘6.0
4.9
3.8

,2.9

2.1

1.4

Kl

0.5
1.0

3.0

8.6

7.5
6.0

4.9

3.8
2.8

1.9

60 |

0.5

1.0

3.0

9.8

8.5
6.0

5.0

4.3
3.2
2.1

66
0.5

1.0

3.0
10.0

8.5
6.0

L.6
3.3

2.1

72
0.5
1.0
3.0

100

8.5

’6.6
5.0
by

3.3

2.1



The values éf Table 53 are accumulat-
ed for sﬁcoeésive 6-hour periods up
o the'aVailablé snow depthgfor each
contour inﬁerval. Table h5 shows

the same values weighted according

te aréafand summed to qbtain aver-
age melt in Zone D; The final
results‘of the compﬁtation procedure

are summarized in Tables 56 and 57
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values for each zone and assigned basin, These tables show that the snow-

melt contribution ends after the first 66 hours of the melting period,

Enveloping durétion—depth curves are presente& in Figures ﬁl, 4o and b3,
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a - TABLE 55

WEIGHTED ACCUMULATED MELT FOR ZONE D

- A Areal o o . Period Ending,‘Héurs
Elevation Percentage ‘ : : ‘ o
Interval, Ft. ‘of Zone 6 12 18 oY 30 - 36 k42 hg 54 60 66 12
%‘ —_— ,é --1000 ~'12‘J ) 0.02 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 oQb6
k1000~-é0d0, 15 0.02 0.08 0.15 O.15 0.15' 0.15 0.15 0.15 0.15 0.15 0.15 0.15
2000--3000 10 | 0 0.02 o.o? 0.15 0.26 0.30 0.30 0.30 0.30 10.30 10.30 ”o.jo
3000--4000 - 10 0 0.01 0.05 0.12 0.22 ‘0.3& 0.50 0.70 «9;86‘ 0.98 1.00 1.00
' 4000--5000 13 o0 o 0.04 0.10 o0.21 0.35 0.55 0.78 0.98 1.10 1.10 1.10
%3 _ysooom-eooo | 16 0 0  0.02 0.08 0.18 0.32 0.53 0.78 0.96 0.96 0.96 0.96
6000--7000 11 0 | 0 0 0.02 0.07 0;1% 0.26 0.42 0.54 0.55 0.55--0.55
' 7ooo—~8ooQ - 10 0 . 0 0 0,01 0.04 0.09 0.18 0.29 0.38 0.43 0.4 0.47
sooowﬁgoook\ f 2 0 0 0 0 o 0.00 0.02 0.0% 0.06 0.06 0.07 0.07
9000--10000 1 o0 o - 0 0 0 0 0.01 0.01 0.C2 0,02 0.02 0.C2
Accumulated | ‘;~ | : ,v, ‘
Zonal Melt . , p.ou 0.17 0.39 0.69 1.1 1.76 2.56 3.53 4.31 U.61 4Y.67 L.68
Iﬁcrements;of | | :
Zenal Meld 0.0% 0.13 C.22 0.3C 0.50 0,57 0.80 0.97 0.7 0.30 0,05 0.01
Maximm Period ‘ 0.97 ~i.77 2.55 .12 3.62 3.92 Lh.22 TN 457 4.63 U.67 U4.68



- TABLE 56

ACCUMUTATED VALUES OF SNOW MELT CONTRIBUTION TO THE MAXIMUM POSSIBLE STORM

 Period Ending, Hours

36 ) Lg B4 60 66 72
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TABLE 57

. DURATION-DEPTH VALUES OF SNOW MELT CONTRIBUTION
TO THE MAXIMUM POSSIBLE STORM

Hours

Basin Zone 6 12 18 ol 36 hg 72

A 1.2 2.0 2.8 3.3 3.7 3.7 3.7

B 0.3 0.5 0.5 0.5 0.5 0.5 0.5

Co 0.6 1.1 1.6 - 2.0 2.9 3.6 3.8

F 0.9 1.6 2.% 2.8 3.9 4.6 g

¢ 1.2 2.2 3.1 3.9 5.0 5.7 5.9

J 1.3 2.6 3.5 I 2 4.9 5.1 5.1

X 1.0 1.8 2.4 2.8 3.1 3.1 3.1

L 0.3 0.5 0.5 0.5 0.5 0.5 0.5

M 0.8 1.5 2.2 2.8 3.7 3.9 3.9

N 1.0 1.6 2.2 2.6 2.7 2.7 2.7

P 0.5 1.0 1.5 1.6 1.7 1.7 1.7

American D 1.0 1.8 2.6 3,1 3.9 by o 47

Stony Creek B 0.7 1.4 2.0 2.4 2.8 2.8 2.8

Yuba. HCq 0.9 1.7 2.4 3.0 3.8 b L.6

. Feather = GJ 1.2 2.5 .0 4o by 5.3 5.3

Upper Sacramento KLMNP 0.6 1.1 1.b 1.7 2.0 2.1 2.1
Total Sacramento A1l 0.5 0.9 1.3 1.6 2.2 2.6 2.7

177. Limitations of~the Method. The reliability of the snow melt
values is affected, in part, by the inaccuracies inherent in the use and
interpretation‘of meager &ata. Other sovrces of error exist because, fof
the sake of necessary simplificatiqn} certain factors affecting melt\have
been ighored. Some of theée factors may be important where normal meli-
king conditions are concerned but represent unjustified refinements ih
consideration of wpper limits. VThe major sources of error and thelr sig-
hificance in the final results are discussed below:

a. The effect of forest cover on meltf

It is assumed that melting rates are directly proporiion~
al to wind velocity throughout the basin, including the
portion covered by dense forest. This probably over—
values rates of melt at high elevation. Ab low elevations,
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with greater percentage of open land, the derived value
of the empirical constant X is too low and therefore
melbing rates at those elevations are undervalued,

Melting effect of rain:

Rainfall as a melting agent was ignored in view of the
excessive effect of atmospheric turbulence and becauss
of the unknown value of rain temperature. The effect is
significant only in regions of intense rainfall at
intermediate elevetions and its omission thersfore under—
valueg the melt at those elevations.

Hegative heat storege in the snow!

During the subfreezing period antecedent to the storm

the snow undergoes an indefinite amount of cooling. An
ecuivalent quantity of heat has to be supplied by the
air and is unavailable for melting. = The effect is to
delay melting and decrease the total amount of melt at
voner elevations. \ ‘

Storage of water in the snow:

elt water and rainfall may be stored in the first por-

" tion of the melting period and released in the later

stages, However, the rate of release is probably/éon—
trolled by the depletion of snow cover. In addition,
maximum rates of melt do not synchronize at various
elevations. The over-all effect would be only a slight
increase in short-duration melt,

“Rate of increase of wind with elevation:

Due to vertical convergence and horizontal divergence,
up-slope winds incredse faster with elevation than
indicated. This would tend %o increase melt at upper
elevations and decrease it at lower elevations in Zones
¢, D, ¥, G and H. :

Cooling and drying‘of air over snowfield:

The warm alr moves Lransverse vo the snow line and
crosses o narrow strip of snow before emerging from the
basin. At the high velocities assumed, the change of
air-mass properties is negligible during most of the
melting period. The only significant effect would be to
reduce the melting at the uvper elevations in the early
vortion of the storm. '

Irregular distribution of snow in the valley:
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The snow would not form o uniform blanket in the vaelley.

Tor purposes of simplification it was assumed that snow

depth 1s a function solely of elevation. However, over

a large level area considerable regulation of melt would

occur because of partial area contribution during the

later stages of melting. Thid effect would tend to reduce
 short—period melt at the lower elevations.

- As indicated iﬁ the»above analysié; the %ariéus factors tend‘to neutralize
eéch other,  After due consideraﬁion,of the posgibléuéffect of all the
items listed as sources of err&r, it was dedidéd that the values as sub-
mitted represent safe upper limité;' Therefore,Ain this report, theV

enveloping duration-depth curves of snow melt are not incressed by a-

factor of reliability.
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CHAPTER VIII

TEE MAXIMUM POSSIBLE STORM

. 178. Distribution of the Rainfall. 3IEven in the maximum possible

storm a portionbof the precipitation at high elevaﬁions ig in the form
of snow. However,‘the total is relatively small and the afea over which
it fallsva minor-pgrcentége of the total basin area. In all computations,
therefdre,‘the effect of the énowfall has been neglected and all thé
précipitaﬁion considered as rainfall. The time and areal distribution

of the critical ?recipitation in the maximum possible storm was déveloped
from the duration-depth values assembled in Tablés 5, 8, 11, 14, 17, 20,
22, 25 and 28 of Chapter V. These depths are plotted against duration
for all the major storms considered in this study, in separate graphs

for each zdne and assigned basin, Figures W to 60. ‘Thekcurﬁés 1abeléd
B envelop the duragion—depth values of the December 1937 storm;v The
'envelopihg curve of meximum possible precipitafion for.the total basin

" ig shown as curve A in Figure W and is determined by the computation
procédure discussed in Chapter VI. Corresponding curvés,A~for the indi-
vidual zones and assigned basins are obtained by adjusting curves B to .
give the correct volumes of maximum possible precipitation over the

whole basin.  Tabular values are shown in Table 8.
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TABLE 58

 DURATION-DEPTH VALUES OF MAXIMUM POSSIBLE RAINFALL —— TOTAL BASIN

Hours
Basgin- Zone 6 12 iS 24 36 Lg 72
A 3.0 5.3 7.3 8.9 1l.4 13,2 14,7
B 0.9 . 1.7 2.3 2.4 3.8 4.6 mlU
Co 1.6 3.0 L.3 5.4 7.4 9.1 10.8
iy 3.3 . 6.2 g.8 10.8 14.0 16,6 19.2
G 3.3 6.1 g.7 11.1 15.0 18.0 21.7
J 1.5 3.0 L3 5.6 7:7 9.4 11.2
K 1.8 3.5 L.g 6.0 8.0 9.7 1l.h
L 1.6 2.9 3.9 4.8 6.1 7.1 7.8
M 3.1 5.6 7.8 9.6 12.3 . 1b.h 16.3
N 2. 46 6.5 g.1 10.6 12.8 15,0
P 1.b 2.6 3.6 k7 6.1 7.1 7.9
American D 2.3 - 4.2 5.9 7.4 10.1 12.4% 1k.9
~ Stony Oreek B 2.1 3.9 5.3 6.6 g.8 10.6 12.2
~ Yuba HOp 2.2 - k6 6.2 7.8 104 124 146
) Feather ) 2.2 ko 5.7 7.3 9.8 11.8 141
Upper Sacramento  KIMNP 1.9 3.5 4.9 6.1 8.0 9.3 10.5
‘Total Sacramento  All 1.8 3.4 Lg 5.9 7.9 9.5 11.0
s CTTTITI T ' S
N e : It will be noted that in individual
]| 7 »oEC: 1937
13 1 & smaR. 928 .
12 11| oomsan 1905 zonss and sub-basins the values of
3 ¢DEG, {913 . .
Tl 6 xaaN. w08 ‘ . . .
) o o 4 ‘ curve A are occasionally exceeded,
0o . .
s ® y - i It should be remewbered that curve A
i F R REEL AN SO e
z, AV 7 3t s represents the contribution of the
= A ara 7]
8 ; 109 » ' «
s ° 7 ' & individual zone or sub-basin to the
s J~l? x wm .
o A Lt L B maximum possible storm for the total
AN ' '
3 L5 K07 ¥ - - — . B v
. oo [ saitat over sorel ~ basin. However, the individual zone
C il T 1 1 0 O I O O : : ‘
5 = Epveloping curvs o;
! , T e 653 v - or sub-basin can have and has had
N ai EEENEEEN ‘ '
o - 24 48 72 96 120 ) .
DURATION (HOURS) } ! more intense rainfall, but only at
Figure )41%, Total basin. the expense of the other subdivisions
Duration-depth values.' within the total basin.,

~ 188 -~




DEPTH {INCHES)

DEPTH [INCHES)

30

28’

26

24

22

20

Duration-depth values.

L TTFT
- LEGEND
| [} 5 =oee. io29
| 7 *DEC. 1937
1 8 *MaR. 1928
J—1 o =FeB. 1940
||| og=san. 1909
3 <DEC. 1913
I @ «JaN. 1908
5 “or«mar. 1907
T
YRVE A = contribution o the meximum ——
. ; E i flood over the totat basin. b—i—|
T CURVE 8 = Enveloping curve of Dsc. 1937 Starm.” T
[ 4
L~
I/ Foy .
// e o e LA v »
,/« 77 o 0, s
/ o o9l - 02
09 4 H
I [z
A . I 2
V/ 2] ’f’- ) 7
7 6;9 2
Y cg;g’ 9 ]
;ﬁ ores. -
14
13 2 P S

e

.48 72 96 120
DURATION {HOURS]

Figure Uf, Zone A

TTTTT

| LEGEND
|l 9 =pEC. 1928
T *DEC. 1937
T 8 *MAR. 1928
L o «FEB. 1940 e,
|l o9=dan 1909 e
! 3 ¢DEG, 1913
) wJAN. IS0 4 i
=i & = JAN. 1806
bt Q7= MAR, 1907 // (40 bo?
74 i
2 3‘:
s 7:
07 8
g O% 7 7
5 ole ’
3 et L
3
s i
s

&

CURVE A= Rainfall contribetion fo the moximuny’

[

T CURVE & = Envetoping curve of Dec. 1937 Storm.

ble Hood over the fotal bosin. -

! !

HEREEEEERERE

o 24

48 72 98 " izo
DURATION (HOURS}

Figure 47. Zone Co

- 189 -

OEPTH {[INCHES)

DEPTH {INCHES)

30
28
28
24
22

20

FT T

LEGEND

9 *DEC. 1929

7 *DEC. 1837

1 & =MaR, 928"

O «FEB. 1940

|l o3suan. 1909
3 =DEC. 1943
£ =JAN. 191
] € =JaN. 1906
LIl o7= MaR, 1907

RN

| CURVE A4 = Rainfall contribution to fhe maximim

I j [V possibta tiood over the rotot besie.
LI S
| | CURVE 8= Enveloping curve of Dec. {937 Storm. ...

A
-
,/ P
v -2
P —
Y% gr ;
A A s (M e
’{%_ wE) QZI;: i od N
" 08
/ﬁ,’ . ;ag’
- 45, 3
05155
[ ]

Q 2% 48 2 96 ©0
DURATION (HOURS) :

Figure U46. * Zone B

N I A A

LEGEND TCURVE A= Raintall contribution 1o
T 9 soec, sems || T T he masinum possivle ™)
I 7 «DEC. 1837 2 faod over the Toml basing
B SMAR. 1928 Ak -
Ll o «FEB. 1940 || CURVE 8= Envgioping curve of | |
LI} 09cJAN. 1909 Dec. 1937 Storm.
3 <0EC. 1913 T
BIEREEL R
7| 6 = JAN, 1906
L or=mAR. 1907
A
< i ¢
/’/ . | 73
y EINEH 23’
ol 3 " OF (4
2 el
r : it 1) 3
y “q0 09
r | o g ,
Vil
S lons ¢ v
/ 3 ’09 'y
Jede | 1 B !
G
. 9 "
4
é ] tfé" 4 r .
A -
™ (4
A Gl
o . 24 ‘a8 72 96 ‘120

DURATION (HOURS)

Figure 48, Zone F




DEPTH {INCHES)

JDEPTH [INCHES)

Duration—&epth values.

30 -
[T TTT
a8 ||| LEGEND
9 =DEC. 1929
I 7 =pEG. 1937
26 | 8 =maR. 1928-
| © =FER. 1940
24 |1 09:JaN. 1909
3 =DEC. 1913
(] = AN, 1811 ; o 7
22 0 & =uaN. 1906 A
< —l{ o7smam. iso7 |- Lt 9.
20 L 4
// 9'5.9 @8
k-] L
: s s
. // Ly ke P Ertfae ]
16 290 o
A %9 y)
ViR 40
15 e
A
717 £3
2 /“ ; 5e 4
7T dor| &
10 rAN o | 4
A le g«’
&
8 4 :
¥
oF 08 i
S ALY
N ,_p;#;
" - 07 487 .
45 | CURVE A=Raintell covtribution fo the ||
2 Lt [ | possible fiood over the tofol basin.
i Tt - =
/ CURVE B = wing curve of Dec. 1937 Storm.
L2 L O O O O T T T
[ 24 48 72 96 120

DURATION (HOURS!

Figure 49, Zone G

t5
T T T T
& || LEGEND
: 9 *DEC. 1929
~ || 7 »oec. 1937
13 1 8 .=MaR. tsem
|| o =FEB. 1940 )
1z 1l 03=4an. 1909 i e s
| || 3 2DEG. 19¢3 R A & ¢
6 ¥JAN. 1906
]
B 07=MaR. 1907 ]
u AT
o L
/.4
8 o
s A T T
AV AR (s Lor
8 /1 € oR0F
- ty
7 / rhoy
¥ 4
&4 %
s A .
ofts ®
- f w7 78
-3 777 o »
4 T F4 s &
1l e
3 | o 3 T .
7 $5%0s| 17 | " GURVE A= Raintall coniribution o |
ey ~ 1T | | | the maximum possible
2 jzs e [ fleod aver the total basin. ™
. arq . i
1 L£3e CURVE 8 = Enveloping curve of Dee._|
fAd L4t ) @37 Storm. - |
o 0 O A

o

24 o 48 : 72 v 98 120
OURATION (HOURS)}

Figure 51.. Zone K

© - 190 -

DEPTH {INCHES)

DEPTH {INGHES)

1%
CTTTT
4 |l LEGEND
$ *DEC. 1929
T 7 =oec. 1937
13 [ 8 sMaR. 1928
—H © =FEB, 1940
2 09:=JAN, 1809 "
|1l 3. <oEc. 1913
I = JAN. 19
1 6 = JaN. 1906 = :
4 07 =maR, 1907 =
. e / / 2% 1 o7
9 / Y 3 7 .
]
8 oY £33
13 3
e 3
7 3
]
l
8 8
24
-1
£
F 3
3
2 pie CURVE A Raintel conlribition 1o vha moxs
a4 ] i 1 possible Hood over the loto} basin.™|
i — . . ]
CURVE 8= Eaveloping curve of Dec, 1937 Storny
NA N
L0 24 48 72 96 120
DURATION {(HOURS)
Figure KO. Zone J
15
S S O B |
14 LEGEND
| Il o soec. 1929 :
7 *DEC. 1537 CURVE A = Raintall coniribution to
13 1l 8 amar. 1928 | fhe maximum possible |
[l © »FEB, 1940 I tiood over the total basin)
12 Led] O®=JAN 1309 1
C |l 3 =0EC 1943 CURVE B <Eoveloping curve of |
8 =JAN. 1906 Dac. 1937 Sterm.
11 oT=MAR. 1807
i0
1
] 4
7 /'/
7 LB
1]
b 1, -
: AT o .
5 y " = G G
s 3 d
4 27
AN s oo
T é G
3 z 2
L5 ¢2 ¢ & 909 07
i {d . i< N 'g‘r
2 // ) g’
o1 48 | 4 &
CH< M T 7T T
g
o7
N AR ,
0 24 ] T2 96 120

DURATION (HOURS)

Figure H2. 'Zoré'L




30

28

- R8s

24

22

BEPTH {INCHES)

DEPTH {INGHES])

20

Duraticn-depth values.

DURATION (HOURS)

V?igure 55. Zoned?

PP TP
Ll ueeenn ’
| il 9 «bec. 1929 -
7 -.B;i i:;: CURVE A= Rainfoll contribution to
T 8 xMAR. | the waximem possidte |
| © *FEB: 1940 % tlood over the taiet basil|
|l o9:yan. 1909 -
_i| 3 =DEC. 1993 CURVE 8 = Eoveloping curve of |
6 ®JAN. 1306 Deg. 1937 Srorm.
=1 OT=MAR, 1907
A
5
P
4 8Ll
7r
P 7 - ‘w
AA o7 +d
4 30
7
a oo o8
/A RN AR
4 “ ’jj_'
il 3 s | o871 |
“4as
O %8¢ 329
s |
[+] 24 48 T2 ) 120
DURATION {HOURS)
Figure 53. Zone M
TP
LEGEND
9 *DEC. 1929 -
7 *DEG. 1937 CYURVE A = Rainfall contribution 1o |
1 g -:Eﬂga :gf: ‘_I' i the maximum possible
1 oomian. 1309 [ flood over the rofalba.s'i_n
3 =DEC. 1913 CURVE 8 = Enveloping curve ot; | ]
& = JAN. 1806 Dec. 937 Storm.
F—1 07 MAR, 1907 -
ar
-
P
j 24
/ L4
v
Jor! ‘ﬁ:
e | # r
o t] or pa#
b shor o i
by ~1-3
9| 7} [ L4
N 9.
td
48 ki 96 120

- 191 ~

30
3 [T
I LEcEND
s 9. «DEG, 1929
2 T 7 =pEo, 1937 j
fre e e | TGURVE A= Rainfall contibution 7o, |
SJAN. # ] 1 the moximum possibie
24 = e o [ || eod over ine totot bas
oo b1 € van. 1908 CURVE 8 = Enveloping curve of | |
z b SMAR 1907 . o
2 » O7= MaR. 1907 bec. 1937 Starm,
20
~ 18
o0
H
o 16
z A
— / G
% &
-~ S h
@ gz /4 21 ipl 1 M
/ /ﬁ" = f
A 293
i
¢ pyo R s 05 -$%°
. / % 5 or
8 A
ol 2
s
é il i 7
L4 t’o_a 27 o7
o8 oy i
7 .
48 72 96 120
DURATION (HOURS)
Figure B4. Zone N
30 —
TTTTTH 1 -
I i.{ —I “I L Cﬁﬁvfdfxa&fcffi'mtdg&w;n!‘a}k
28 EGEND - moximum possible Hood
U lg @ «DEG. 1029 “orsr the totot basin. .
L 1937
26 || b v o7 | GuRVE B+ Envoloping curve of Doc. ]
| R it 1957 Storm.” - n
24 |—ti DURJAN 1909 L CURVE C = Moximum possible ruinfolt
3 =DEC. 1913 ) over American River Basin,
BRI ’ ’ "
22 [ & sJAN. 1906
bl 07 «maR, 1907 c
@
Wl
-3
)
z
x
[
&
o
[}

24

48

‘72
DURATION {HOURS)

Figure 56

American River Basin, Zone D




DEPTH (INCHES}

DEPTH (INCHES)

Turation-depth values

5
T I
i4 LEGEND
9 *DEC. 1929 o
]| 7 =DEC, 1937 =
13 |1 8 =maR. 1320 .
4§l @ *FEB,-1940 v 4
2 |-dl os=yan. 1909 £
3 =DEC. 1913 ay
||| & =9an. 1808 -fEFT
W07 <Mag. 1907 [/
- Z
1] < /
z 8 oz e
g .." ’}’f 2T 2 £
¥:
. iVAW. B
; a4 x
+ LYAW: s M
TV o s ]
& 3 /' i 09 09
¥ 3 & o o9 £
£ ‘ .
5 : 7 50 a:gg,
ik
Fi A -4t
4 e ﬁ;,
W4 7
& TN cvﬂvr A= Raintal jon'to 1he™]
_lL,g;; ,@}” ftoa
2 “ 2 { j over the total kasia
Sl id
o f‘flRV&' B =Enveloping curve of Dac. _|
i i || 937 storm!
o7
CURVE C = Moximum possible roinfali .
‘o E | | over Stony Creek Bogin,
¢ 24 48 72 96 2o

DURATION {HOURS)

Figure K7
Steny Creek Basin, Zone E

30
I O I
25 i LEGEND
9 *DEC. 1929
7 sDEC. 1937 [CURVE 4 = raintail conlribution 1o the
26 [ g wMaR. (928 ‘ l possible food —
b O %FER. 1940 1 ovar the folol bosin. —
24 || 09=AN. 1909 . L cypyE g+ Envaloping curve of Dec.—
3 =DEC. i913 1837 Storan.
I [| & =.an. 1908 X R
22 1 1 san. 9 CURVE C= Moximum possible rainfalli
I—H 07 =uan, 1807 over Feather River Basin. |
20
8
]
. " wll
16 =
e o
14 , > 4 Yo7
5 2 &4
. i L o0
s "f% K +
L 09 £
or £ 2
& 5
£ - :
£4 3
& i
{2
48 72 96 120

ODURATION (HOQURS)

Figure 59

Feather River Basin, Zone GJ

30
DO
28 |J| LEGEND
| || 8 =pEC. 1928
7 *DEC. 1937
26 [ @ =MaR. 1928
L O =FEB, 1950
24 [ || 09:0aN. 1908 ¢
3 =DEC. 1913
tozgAN, 180 o4
2z & =yAN. 1908 i
Ll D7 MAR, 1907 -
20 A
fa
- 8 ra
g !
&
x B
g " ¥ AR
= ; A
14 J o " EJ
z i LA o9 648 2
&1, ‘/ 07| B &
=y rd el T T sl 743 i s -m“;
o7 “%a
. 14 £43 '
5 ;
o484
4
CURVE A :Rai::!alf confribulion fo the
=t ible Hood -~
I ! { Iovef e to!ai ba.sln
CURVE B=Er ig curve of Dec.
E ! { 1937 Storm. "
CURVE € =4 rainful!
L | over Yubg River Bosin.
EREENEENENE
48 7e 486 120
DURATION {HOURS)
- Figure 58 3
Yubs River Basin, Zcne HOy
S 70"
) CURVE A= cenm&eman ta Me_
1% LEGEND ||| maximum possivle Hlood |
9 DEC. 1923 ] over the fotol basin,
| 1| 7 *oEC. 1937 G‘MWE & = Enveloping curve of Dec. ™
13 4 g :MAR. 1928 4 1937 Storm. e
| © °FE8. 1940 '63&2’5 a~M<mmum possibie rointail |
12 Ll o9=JaN. 1509 Fiver
3 =DEC. 1913 Ba‘sm Above Srony Grect
& =JAN. 1906 ¢
I 1 07 =MaAR. 1907
1o : ! - A
71—~
L
Vi
-9
w Vin4
3 i a7t .
<
z . .
fod “ 0
- x
£ z A i5
b 7 wor 2
o o e
0F
1 & 542
X
G2
&
e oY
07| 49
&
48 72 95 20
DURATION {HOURS)
. ™~
Fig., 60. Sacramenic le@m

abceve Stony Cresk

192 -




These durati;n—&epth values are énveloped by cufves,G, shcﬁn in Figures
56 tor60, which are for the maximum possible rainfaii overvthe‘assigned‘
sub-busins. The derivation of curves C wiil be discussed iater;rb

179. It is evident that the vclume of rainfall‘in the December

1937 storm ccould have been distributed in & different manner, so thab

certain portions of the area could have experienced higher intensities

than actually occufred. For sucﬁ a determination of upper limits of
rainfall for subdivisions of the basin it was neoésséry to congider the
problem of rainfall tranSpositidn within a mountainous area. The crdi-
nary method«of transpositicn involving the use of an area~&epﬁh curve
fuils because the basin‘s‘%cpographic‘oharacteristics and location with
r@sgect to mountain ranges exert a‘greater influence on ihekaverage.rainn
full depths than the areal extent of the basin. However, total storm
rainfall %alués can be adjusted to a common base by converting them gnto
percentagés of normal seasonal precipitation which presumably are free.
of the influences of topography and othér basin/characteristica. For
example, the f2-hour zonal rainfall in the Decembef 1937 Storm,raﬁges

frem 4.2 to 16.7 inches while the range in seasonal percentages is only

: 15.7% to 32,5%. Thisvindieates that seagcnal pércentages are fairly

conservative quantities and that variations in these quantities within o

region represent differences in storm intensity over the area,
180, With these facts in mind, the average percentages of normal

seasonal precipitation within the maximum ?E“hdur period of the December

- 1937 storm were plotted against area in a form similar to an area-depth

curve (Figure 61), This storm was selected as u model for distributing

e

rainfall because it gave the greatest percentages for all values of &reé
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Pigure 61
~ Area-percentage curves of normal

seasonal precipitation,
Sacramento River Basin

within the Sacramento Basin. For.
the total basin, the percentage of

normal seasonal precipitation is

22,9, The maximum possible storm

has a valuse oé 29.7%. Thereforé,V
the cﬁrve showing the maximum pos—
gible 72-hour percentages was |
derived by multiplying all the
values of the lower curve by the
ratio %%f%’, or 1.3@; In apply—
igg tﬁe upper curve, it ig assumed
that a storm 30% moré intense than

the Deéember‘l937 storm could occur

with the same relative distribution

of mean geasonal percentages within the area.

181. The curves of Figures 62, 6% and 64, giving the duration-depth

values of maximum possible rainfall for the individual assigned basins

were developed from Figure 61. The values are tabulated in Table 59.

- TABIE 59

DURATION-DEPTH VALUES OF MAXIMUM POSSIBLE RAINFALL

Basin

American

Stony Creek
Yuba

Feather

Upper Sacramentoc

ASSIGNED SUB-BASINS

: Hours
18 ol 36 hg 72
2 105 “1b.2 17.2 20.7
0 7.4 9.9 . 11.6 13.4
1 12.7 16.9 . 20.0 23.6
5 9.7 13.2  15.5 16.9
7 7.0 9.1 0.4 10.9
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Duration-depth values, maximum possible rainfall

The 72-hour value for a particular
basin was'establisheﬂ:by entering
the graph with the area of the basin,
reading off»thé percentage;,an& mal—
tiplying by the normael seagonal
precipitation for the basin. The
remaining %aiues of duration-depth
were then dérived by adjasting,the»
curves of Figures 56 to 6@; applica—
ble to the total bésin, by the rétio
of the two 72~hourrva1uss. The

duration-depth curvesg of Figures 62

to 64, this obtained, are ﬁhe same
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as the curves ¢ of Figures 56 tovGO, previously ménﬁioned;

182. In arranging the rainfall increments in a critical chrcno—

logical pattern, certain restrictions must be imposed. Since the maximum

possible storm is modeled after the December 1937 storm, the maiimum'2ﬁ~

hour rainfall should occur during the second day of the three-day storm

period. There are a number of ways of distributing the remaining rain-

fall, and two possible arrangements of the maximum possible storm over

'

the total basin are shown in Figures 65 and 66. The arrangement of

Fig&re 65, with equal blocks of rainfall on the first and third days of

the Storm, is based on the symmetrical meteorological pattern of Figure

3. In Figure 66 the second highest 2U-hour period of rain occurs on

‘the first day. This is the pattern of the December 1937 storm and would
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probably produce a higher flébd stage at Sacramento. In the figures the
basin ‘is subdivi&ed ihfo six Sub—aréas and dailyivalueg of rainfall and
gnow melt are given‘for each subdivision. Other arréngements, using
other subdivisions and units of time, may bévderi§ed from ﬁables 56 and
58'but,’ins0far és 24~houffrainfall amounts are concerned the chroﬁolog~
ical sequence should be the same in every ZOne. kFor Shortéf period
breakdowns within the Eu—hour‘interval, a staggering of peak rainfall

among the wvarious zones is permissible,

183, Distribution of the Snow Melt. No matter how its increments
are arranged, thé/maximum possible storm meliéfthe optimum snow cover
(Chapter VII) thet precedes it. A given time se@uence of‘rainfali
implies a specific progfession in fthe values of the meteorologiCal
elements, such as wind%amd dew point, which may differ from the pattérn,
shown in Figure 38, used to compute snow melt.r Howevefa $he chronologi-
cal distribution of melting is controlled'to a coﬁsiderable extent by
the fixed elevaﬁioh relationships of the basin, so that a large varia-—
tion in %he meteorological pattern will have only a slight effect bn the
melt pattern. For that reason, the accumulated values of snow melt iﬁ
Table K6 are considered practically invarisnt and should be added to the
rainféll values obtained from the duration-depth curve of maximum possi-
ble rainfall. This has been done in Figures 65 and 66. However, since
the rise in‘temperature'above 32 F occurs approximately 12 hours befofe
the beginning of the 72-hour méximum storm, the increments of rainfall
lag 12 hours behind the increments'of snow meltb,

18k, Suggested critical arrangementé of maximum possible rainfall

and snow melt for each ‘of the assigned basins are given in Figure 67.
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current of moist alr which is
‘potentially unstable. At the same time either the circuiatién pattern
or the local topography must be such as to provide an sfficient raine
" producing mechanism.n In thé Sacramento Basin the mechanism.is ever—
present‘in thexform of fixed mountain barriers, and rains of flood
magnitude depend only on the invasion of moist unstable air. Given the
proper generai ci?culation pattern,‘a qnasimpermanent’frontal Zone
becomesg established normal to the major axigs of the basin. Fromrweét to
east along this frontal zone there moves a series of altefnating flue~-
tuations of warm moist and of cold dry air.  Oa the surfacegweather map
they may ap?ear as waves,‘frontSAOr cyclones. On charts of the upper

alr they all appear as‘tongués of moist and dry air of varying pattern.

186. Such a series constitutes a storm period and, in general,
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the greafer the intensity of the individual major developments the
shdrter the duration of the series. The average major storm appears o
run its course in approximately five days, after which a repetitidn may
occur. . The maximum possible storm has a three-day duration but it can-~
not be followed as closely by another storm, In considering the storm
periods that may pregede the maximum storm it has been necessary to com;
“promise between durations short enough to imply major intensity and
intensities low enough to permit further developments within a shdrt
time, It was decided that in no case would it be logical to assume that
the peak activity in two successive storm periods éould occur with less
than a four-day separation. This should not be confused With recurrént
surges of precipitation which are part of the storm and can occur at
intervals‘of 12 hburs or less. It 1s apparent, thén, that storm cycles
can be repeated frequently enough toiwarrant the assumption of extremely
critical conditions antecedent to the maximum storm. On the other hand;
these assumptions must be consistent with the limitation of a four—day
interval‘bétween peaks of storm activity.  In the three sequgnées which\,
will be here suggested, the critical events preceding the maximum storm
are reasonabie from a méteorological standpoint. They can occur in the
order indicatea and within the time intervals speéified.
187. In the first suggested sequence the initial event is a

period of steady rain which saturates the soil and raises stream and by-
pass channels to the bankful stage. The synoptic pattern is of the less
intense occluded type —-- such as in the major storms of 1908, 1928, or
1929 (see;Chapter V). An‘intensé occlusion of the 1937 or 1940 type

would inevitably be followed by an invasion of colder poiar maritime air-
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that Woul& not only endvthe rains but build up the Pacific High to prevént
furtherkpreoipitatién for some time. The 1937 storm, for example, was
followéd by ten &ays;of fair weather. Furthermore, ﬁhe second eveat in
the sequence requiros‘pclar)oontinental rather thah pelar maritime air
En(the Sacramento Basin, The cyclonic intensity wmust be great enocugh,
however, to bring reduced dew points of about F4 T into the valley, sc
?hat the temperatures accompanying the rains may be‘sufficiently*high to
k preclude acéumulation‘of snow at interme@iate and high elevations. »This
‘Lfirst‘rainy phase lasts four days, with the peak rains cccurring about:‘
\the middle of the period.

188, With the ground bare over most of the area, the second event
in the éequence is an invasion of(the basin by cold air, cold enough o
produce an extensive frost layer in the basin érea above~1000kfeet eléva~
tion and tﬁus limit infiltration during the period of méjor fl§cd runcff.
Su@h air must come from the continent iather‘than the Pacific, i.e., it
must be polarjcontinental air, For such an influx the quasi-statlonary
front becomes displaced southward and the cold continental High (waich -
hag been seen to be an accompaniment of almost all Sacramento‘storms>
“dévelops,a protrusion pushing down intc the San Joéquin from Cregon.
This‘occurred,inbthe 1809 storm, and the presencé‘of‘obld air wiﬁh,north~
eriy Qinds in the basin has beeﬁ‘noted in the 1928 and 1862 storms. ‘for
the possibility of temperatures low encugh to freeze the soil ‘luyer uné
caﬁ cite the polar continental in%asion of January 1888 (see Monthly
Wéather Review of that date), when the ground was frozen hard aé far
south as Fresno, But so intense an outbreak would delay the subsegueh%

steps in the suggested sequence too loﬁg; The postuiated freeze would
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sﬁtend down to only about 1000 feet and would be a dry periocd of Just
fovr-days duration.

189, The third four-day event in the Séqﬂence is a snowfall on
bare, mostly frozen ground, culmingting in the critical distribution de-
scribed in the previous chapter. The snowfall results from a series of
semi—occluded>waves on the quasi—stationary front, now beiﬁg slowly dis-
pléce@\nOrﬁhWard. Elong that front, oul on the Pacific, the majorkocclu—
sion which is to be the maximum possible storm is developing, ?he four-
day‘period is followed by a l2~houf interval during which the temperature
rises from freezing tﬁVthe temperature required for the beginning of the
maximum storm, The snow melt during those lz/hours is therefore nét COL—
temperéneous with the rainfall of the maximum storm which, similar in
- characteristics to the December 1937 storm, foilowg and lasts three days.
The suggested sequence thus lasts 15-1/2 days. Betwéen'the peak of the
raiﬁfali intensities of the initial pefiod and the commencement of the -
maximum storm 10~l/2 days elapse,

190. An alternative sequence, with higher probability of ocour-
rence, is one in which the four-day fairkand freezing period is elimi-
nated. There are many precedents for such a combination of events. In
1907 (see Figure 37) a critical snowfall followea directleafter the
major ralin period of March;l6~20.ha& practically cleared all‘elevations
bf snow, In 1911 (see Figure 37) a critical ﬁype of snowfall distfibu_‘
tion was followed by rains, and in 1862 (see Chapters IV and V) heavy
SNOW tp within a few miles ofVSacramento was followed by’heavy rains.,

The mefeoroiogicéi péttern is«again a series of gemi~§cclusidns, af@is*

placement gouthward and then northward of the major front, winding up -
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with a major occluded develoément that is the maximum storm. This alter-
’nate sequence 1@sts 11-1/2 days.‘. Betwwen’the peak intensity of the"
initial rainslan& the beginning of the maximum storm 6—1/2 days elapse.
Between the critical snOW'céver and the maximum storm there is again the
 le-hour period of snowrmelt which ié not coincident with the maximum ?2;
hour storm. |
191, A tﬁird possible sequence is one in which bbth the freezing |
ana saowféll pefiods are eliminéted; In other words;‘the maximaim possi—
ble storm follows a period of rain. In postulating such a sequence the
four-day interval betweén peaRS»of rainfall intensity must still De
maintained. VAny of the major stormsvstudieﬁ in thisg report canvbe
assumed to occur immediaﬁely~§ricr‘to the maximum possibie exce@tVthe
storms of-Dscembef 1937 and February 1940.
192. The sequences are summarized and their hydrclogic conge—
gquences indicated in fhe following table:
TABIE 60

AYTECEDENT CONDITIONS FAVORING -CRITICAL RUWOFF OVER THE SACRAMENTO BASIN

) \ Sequence 1 Sequence 2 | Sequence 3
E Eain—;;Freezé Rain--=Snow Rain— MPS
fé38n0w~+>MPS* —=MPS
Interval Between Peaks \ﬂ
of Antecedent Rainfall | 12 days g days U days
and Final Storm | : ;
4
) : —
é wonow Cover | Optimum 1 Optimum None
B ¢ ,
% U){?fiSoil Condition \ Frozen Moigt Saturated
EOPQ . 7
o o8 ginfiltration Rates\Minimum Moderate |Minimum to moderate
44w @ - - :
i g o[Surface and Channel| Moderate Minimum to, Minimum
é-g.ﬁ & Storage Capacity ' Moderate .

¥ Maximum Possible Storm
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GLOSSARY

Adiabatic Chart., A thermodynamic'diagram in which temperature is

0.288)

plotted against pressure (log p or p , and on which dry adiabatsk
have been constructed. It is used for the evaluation of an aerological .

sounding.

Adiabatic or Dry Adiabatic Lapse Rate. The rate of change of

temperature of an unsaturated air particle as it 1s adiabatically raised

or lowered in the atmosphere —— equal to approximately 1 C per 100 meters

Adiabatic Process. Atmospheric process in which‘changes in
volume, pressure and temperature occur without the losé or gain of heat.

Air Mass. An extensive body of air approximating horizontal
homogeneity in its source fegion.

Albedos Percentage of reflected radiation.

Anticyclone. In‘the Northern Hemisphere, a clockwise circulation
around'fe;atively high pressure at the center. ‘Counterclockwise in the -
Southern Hemisphere.

Eggg.‘ Verb describing shift of wind in a counterclockwise direc-
tion, e.g., from west to south.

Base Flow. Estimated ground-water discharge during,period of . -

direct runoff.

Channel Storage. Volume of water in a channel system.

Cold Anticyclone. Anticyclone of chiefly thermal origin, with

anticyclonic circulation confined to lower troposphere,
Coid Front. TFront at which relatively cold air displaces warmer

air.
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Cold Front Type Occlusion. Occlusion in which the cold air back

of the pccluded fyont is/colder than and underruns the cold air in

advance of the front.

Conditional Instabilityc Thermodynamic state which is unstable.

for saturated air but stable for dry or unsaturated air.'

Convective Instability. Thermodynamic state of a layer of air
‘which will become unstable after sufficient lift.

Convective Process. Process, mechanical or thermal, causing the
‘ .

upward or downward movement of é limited portion of the atmosphere.
Cumulus type clouds are indicati&e of the occurrence of convective
Processes. J

Convergence. Genérally refers to the condifion that exists when
~the wind distﬁibution within a given area causes a net horizdntal inflow
into the,region. quizonﬁal cénvergence is usualiy accompanie&~by ver—
tical divergence;;which is referred to as stretching. A net horizontal
outflow is known as divergence and is generally accompanied by yerﬁical
éonvergénce, Whiéh is referre@ to as éhrinkihg.

Cyclone. In the Northern Hemisphere,. a coUnferclockwise circula—
tion around relatively low pressure aﬁ the center. ‘Cléckwise in the
Southern Hemisphére. | | .

Cyclogenesis. Process which creates or develops a new cyclens,

~or which produces an intensification of an existing one.
Deepening. Decreasing pressure abt the center of a pressure system.

Dew Point Tempsrature. The temperature, at constant pressure, ab

which saturation occurs in a cooling mass of air.

Divergence. See Convergence.




£

Double Mass Curve, Two sets of accumulated values plgtted against

each other.

Duration-Depth Curve. Maximum depths of rainfall or snow melt

plotted againsﬁ\the duration required for their‘accumulation over a

selected area in a particular storm or group of storms.

Bffective Height (as used in this report). The»height t0 which
the base of a columh of air must be lifted in order to enter the basin

from a given direction.

Effective Precipitable Water., The greatest amount of precipita-
“ble water which can be removed from an atmospheric column by convective

action.

Equation of State. p = E%— where p is density of air, p
atmospheric pressure, R ~the gas constant for air, and T the absolute
temperature.

Bquivalent Potential Temperature. The potential temperature of

an air parcel aftef all fhe latent heat of condensation of the contained
water vapor has been realized.

Fitling. Increasing pressuréAat the centér'of,a‘pressure'system.

,Egggg; A warm dry wind, dynamically heated in &esceﬁt down mcun;

tain SICpes.

Front. The line of intersection with i}hé earth of an inclined
surface of“discontinuity separatiﬁg‘twofdifferent air masses. When ihe ;
surface of disconbinuity is forced over;é third homogeneous air mass,

the line of intersection is called an upper front.

Frontogenesis. The process which creates. a front‘or.intensifies

an existing front.




Frontolysis. The process which tends to weaken or &estrdy an ex-

isting front.

 Geostrophic Wind. The wind resulting from the balance of the force,
due to the presshre‘gfadient and the apparent deflecting force of the
earth's rotation, neglecting friction and curvature of'path;

Gradient Wind, The wind resulting from a balance (neglecting fric—

“tion) between the force due to the pressure gradient, the apparent deflect-
ing force of the earth's rotation, and the centrifugal force due to the

curvature of path.

~ Great Basin Anticyclone. A persistent high pressure system frequently
‘found in winter, centered over the plateau between the Sierras and the .
Rockies.

" Ground Water Recharge. Increase in volume of ground water storage

due to storm or melting snow.

Hydrograph. Stream Cischarge plotted against‘time.

Hydrostatic Eguation. dp = —-pgdz where’ dp is the change in
atmospheric pressure, p is air density, g écceleration Qf‘grgvity, and
dz . the change in elevation.

: Instability. Thermodynamic state in which vertical displacements
’a:e favored. |
A'.Inveréion. Aﬁ inerease of température‘with height.,

Isentropic Chart. Synoptic chart of data plotited at a surfaCe*qf

constant potential temperature, which is also a surface of constant entropy
for unsaturated air.

Isochion. Line of equal snow depth or equal water equivalent of

snow on the ground.
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lgggleth; A line connecting equal values on a chart.

k—type Air Masé. An air mass coldey than the éurface over which 1%
is paséing, with stability consequently decreasing in -the lower layers.
| Lapse Rate. BRate of decrease of temperature in the afmospherekwith
height. |

Lift Coefficient (as used in this report). The ratio of the effecﬁive

precipitable water remaining inh a column of air after 1ift, to the effeétive
precipitable water before 1ift.
Mass Curve. Curve representing cumulative values distributed through

time.

"Mixing Ratio. Ratio of the Weight of water Vapor to the weight‘bf
dry air in a given sample of atmosphere.

Occluded Front. The type of front'resulting when a cold front over-

takes a warm front, forcing aloft the air in the warm sector.
‘Occlusion. Process of formation of an occluded front, or a system

which has undergone the process.

Orographic Rainfall. Rainfall caused by deflection upwards‘of
moisture-laden winds bykmountain slopes. |

Polar Front. The 1iné of intersection with.the earth of a surface of
discohtinuity seﬁaratihg air masses of polar ogigin from those bf tropical

origin, the line being more or less continuous within each hemisphere,

Potential Temperature. Temperature of air after expansion or com-

pressibn dry adiabatically to a standard pressure of 1,000 mb.

Precipitable Water. Total water vapor contained in -an-atmospheriec
column of unit cross—section area, expressgd in terms of a column of ligquid

~water of the same cross—section area.. .
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Pressure Gradient. Decrease in barometric pressure per unit hori-
zontal distance in a direction normel to the isobars. -

Peeudo-Adiabatic Chart., The a&iabatic‘chart to which saturation .

adiabats and lines of constant mixing ratio have been added.:

Pgeundo~Adiabatic Lapse Baté. The rate at which an ascending body of
saturated air will cool during adiabatic expansion. Its value is not con-
stant but approaches the dry adiabatic rate asymptotically as the water

vapor content docreases toward zero.

Quasi-Stationary Front. Front along which displacement of warm by

cold air, or vice versa, 1s small and accomplished by minor wave action.

Recession Hydrograph. Portion of hydrograph with no contemporaneous
inflow from surface runoff.

Reduced Dew Point (as used in this report). DGW'poinﬁ reduced @seudd—

adiabatically to 1,000 mb.,

Specific Humidity. Ratio of the weight of water vapor to that of
moist air in a given sample of atmosphere. . |
| ‘Stabiliﬁy. Thérm@dynamic state in which‘Vertical displacements are
resisted.‘ H

Storage-Discharge Curve. TVolume of chamnel storage plotted against

contém;graneous stream discharge.
§§£g§§§g (of chloneé éndAAnticyclones). " Steepness of Pressure

Gradient. Zt is synonymous with intensity..
Stretching. See Convergence.

‘Subsidence, A sinking of air within an air mass.

Synoptic Chart. A chart, such as the ordinary weather map, which

shows the distridution of meteorological‘canditions‘at a given moment.
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Thermal Equator, Line of highest temperatures, near the geograph-
ical equator, but displaced‘fo either side of it according to season. .

Thiessen Polygon. - Geomeﬁricalffigare‘drawn by plotting perpsn&icalar

bisectoﬁs'betwegn adjacent precipitation stations. These bisectors bound
closed aréasyarouﬁd eaéh station and together form a network of pontignous
Thiessen polygons, for each of which the enclosed'staﬁicn's rainfall is
considered representative.

Tongue. The projecting portion of a large—scale eddy of drj or moiét:
air, as revealéd on an isentropic surface. | |

Trades or Trade Winds. Two belts of winds, one on either side of the

equatorialkdoldrums; in which the‘winds'blow almost constantly from easter—
1y quadrants.

Trough. An elongated é&ea of relatively low barqmetric pressufe.

Veer. Verb deécfibing shift of wind in a clockwise direction, e.g.,
from south to Qest.

Vorticity. Rptatioﬁal component of mobtion..

Warm Anticyclone. Anticyclone of primarily dynamic origin, with

anticyclonic circulation extending to high levels.
Warm Front. Front at which relatively warm air displaces colder air.

Warm Front Type Obclusion. Occlusion where the cold air back of the

oécluded front is warmer thaﬁ and overruns the cold air in advance of'the
front.
Warm Sector., ‘The alr bounded by the cold and warm fronts of a cyclone.
Wave. A localized dgfor@ation of a front, which travels along the
front as a wave-shaped formatién, and which may develop into an intense

cyclone,
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Wet Bulb Temperature. Lowest temperature to which air can be cooled
by evaporating water into the air at constant pressure.

w-type Air Mass. 4n air mass warmer than the surface over which it

is passing, with stability consequently increasing in the lower layers..
Zonal In&éx."lndex of average velocity of the westerlies ﬁaken as
‘the mean pressure”difﬁerencevbetween 35° N. and 550 N.ylatituée for a
period,‘generally, of five days. A high zonal index in&icates increased
circulation of fhe westerlies aloft. A low zonal index indicateé weak

westerly circulation.
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SYNOPTIC WEATHER CHARTS






 SYMBOLS USED ON SYNOPTIC CHARTS
- STATION MODEL (SPECIMEN OBSERVATIONS)
Higher Clouds’ (Cirrus)-——- r~--Middle clouds (Altocumulus)

Wind Force (Seayforf 5) — 7 ___{Proporﬁonof‘ the sky covered

7

P

J i with clouds /7 or 8 tenths)
;7

Surface wind } _
irecti L W N
direction (M. W) N

\ w/ 58.554—_——f—t?ew Point 'lr). °F'.‘
State of weather . ‘ {Baromefruc pressure in inches
by symbol (rain » ——""Y 9.95 \(29.95)- first digit omitted
shower)

AE 04\\{Chara0‘ter and amount of preséure"

) ~ N
~ Ng0) /.04 {change last 3 hours (r1sing then
Lower Clouds /;-/eaﬂ/(fa/ ( ) 1.04 5 feag)f' and bigher by . O4 inch)

Direcfion and speed of / \\  [Precipitation in inches ‘
maximum wind in last ¢~ - For 12 hours to 7:30 PM,EST.
12 hours (N.W.40 M.RH) For 24 hours to 7:30 AM,E.ST.

EXCEPTIONS FOR SHIP REPORTS:

Maximum wind not reported.
Dew Point replaced. by Wet Bulb Temperature in parenthesis.
- Amount of precipitation replaced by Temperature (°F.) of sea surface.

'SYMBOLS FOR STATE OF WEATHER

o Rain , v Rain shower

Y Drizzle " , . ¥ Srow shower

% Srow Number of symbols indicates A Squally

A Sleet relofive intensily of precipitation A Severe Spualls |
A Harl = Light to Moderate Fog
R Thunderstorm = Dense Fog

oo Hazy = Ground Fog

NOTE: '

On maps after June 30,1939, barometric pressure and amount of

pressure change are entered in millibars and tenths; e. g.
/0I1.Z mbs. entered as //.2 and 989. 6 mbs. as 89.6

BEAUFORT SCALE
FORCE SYMBOL M.P.H. FORCE SYMBOL M.P.H. FORCE SYMBOL M.P. H.

0 O Lessthanl 4 H I3t018 9 47054

| 0 11463 5 \\—o 19t024 10 Wossmes
2 N0 4to7 N\ 75t031 11 W Hga4475
3

6
8to1z2 7 N 371038 12 N3 500675
8 .

N0 391046

FIGURE €8 A




UPPER FRONTS |
COLD,—:_——_ S 1L ] I 1 ’u c5WARM

SURFACE FRONTS

 COLD - , QUASI- STAT!ONARY
WARM 0 s g — - - - - - -~ - OCCLUDED
FRONTOGENESIS . FRONTOLYSIS
00000000 -COLD--------XXXXXXXXX
00000000 O---—--- WAR‘M‘-——é———%%%%%%%%%

@0 @®@00®O08O0 O—GUASIfSTATIO,NARYfX XX K X K X %X
: OCCLUDED ---=-% % % X X X X X X
@——— CYCLOGENESIS N I

AIR MASSES *

CAW - CONTINENTAL ARCTIC AIR, warmer than the surface
over which it lies (stable in 7“/79 lower layers).
CAK - CONTINENTAL ARCTIC AIR, colder than the surface
; over which it is' passing Csfeep lopse rate in the lower layers)
MA K- MARITIME ARCTIC AIR colder than the 5urface over

~ which it is passing (steep /gpse mz‘e) :
CcPw - CONTINENTAL POLAR AIR, warmer than the surFace
over which it is passing (steble in the lower layers).
CONTINENTAL POLAR AIR, colder than the surf‘ace
over which it is passing (sfeep /apse rate).

MPW - MARITIME POLAR AIR, warmer than the surface over
which it is passing (steble in the lower /ayers)

O

O

X
"

MPK - MARITIME POLAR AIR, colder than the surface over
which it is passmg (steep /apse rate).
MTW - MARITIME TROPICAL AIR, warmer than the . surface

over which it is passing (stable in the lower /qvers)

MTK - MARITIME TROPICAL AIR, co!der than the surface
over. which it lies or is passing (sfeep lapse rafe)

S --- SUPERIOR AIR, which includes all air masses that
appear warm and very dry because of prmc:pa ly, subs:
dence and d:vergence

* SEE MONTHLY WEATHER REVIEW, VOL. 67, JULY 1939, pp. 204-218.
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