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PREFACE

Joel W. Hedgpeth

The Monache indians who lived along the San Joaquin among
the sparsely wooded lands around North Fork at 500 to 1,000 feet
above sea level before the white men came have a tribal memory of
their origin on the east side of the Sierra. After they crossed
the mountains and settled near the river, great storms came and
three times the water rose, forcing them farther up into the
hills. This suggests there must have been a very rainy period,
perhaps something 1like the Great Flood of January 1862 that
turned all of the Sacramento Valley into a lake and sent a river
as large as the Amazon flowing into the sea. A flood like this,
perhaps the result of a massive warm sub-tropical storm colliding
with the usual winter storm pattern from the north, might happen
only once in a thousand years, and it may be yet another nine
hundred years before the next one. We have not been here long
enough to know when or if such a flood would come again. So we
do not think about it. What is more serious is that there are
too many who in practice, if not belief, think that our present
intricate system of dams and canals has solved the problem of
drought in this semi-arid land.

So we continue to design and manage this marvelous system
that extends the use of the water from a river that ranks only a
poor ninth among the rivers of North America, and far down the
third magnitude of the rivers of the world, to the burning fields
of the San Jcaquin Valley and over the mountains to the thirsty
megalopolis of Los Angeles, and to allocate more water rights
than water, as if there can be no end to the source. We have
done all this without adequate knowledge of how the system works-
not only with one system of dams, canals and pumps, but two.

There is ample evidence, both historical and in the present
time in many parts of the world, that these practices lead to
environmental degradation. The first step toward a serious -
approach to these problems is to understand the hydrologic system
within which we are working. The techniques for analysis of the
hydrologic problems of regulated (artificially-modified) water
systems have been known for many years; they have been developed
by scientists in the United States and the Soviet Union. The
senior author of -this report is an internationally-known
oceanographer with over twenty years of experience with these
problems, who has had an important part in influencing the
present slowdown of potentially destructive water development
projects in the Soviet Union. This report is the first analysis
of the past and present water supply of the Sacramento-San
Joaquin system as it relates to San Francisco Bay. It evaluates
the cause of, and scale, of changes in the water supply during
pre-project and present conditions, based on the basic features
of the unimpaired runoff fluctuations as contrasted with the
hypothetical "historic flow" concept in current use. The methods
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used in this report lead to the conclusion that the water balance
of San Francisco Bay cannot be separated from the runoff
variables, one of the major elements in water and salt exchange
between the Delta, the Bay and the adjacent coastal zone. From
the flow statistics that reveal the scale of runoff modifications
at this time, it is possible to establish for practical purposes,
the seasonal patterns and trends of our water supply.
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I.1 INTRODUCTION

Estuaries are the places where freshwater runoff from land
meets the salt water of the oceans. They are among the most
_productive and important habitats in the world. Throughout
history people have found such environments attractive places to
live because they provide access to transportation, fishing, and
recreation as well as to fresh water for drinking, manufacturing,
irrigation, power production and waste disposal dilution.

Over half of the global population lives within 200
kilometers of a coast. Eighty percent of the world's fish catch
comes from continental shelf areas, many of which are influenced
by fresh water from rivers and streams, and many of the fish and
shellfish species represented in this catch depend on the
adjacent estuaries for at least part of their life cycles. In
1980, almost 5.2 billion pounds of commercial species with a
dockside value of $1.8 billion and capitalized value over $35
billion, were caught in estuarine-adjacent coastal zone areas.
The recreational expenditures were over $1 billion and the catch
almost 190 million pounds (National Research Council, 1983).

Ever-increasing pressures of our contemporary,
industrialized society - the urbanization process (Hedgpeth,
1970, 1977, White, 1977; Hamilton and MacDonald, 1980, Komarov,
1980; Cross and Williams, 1981) - make great demands on
estuarine systems. The natural limits of estuaries which have
evolved to respond with resilience to increasing water
diversions, filling, and waste-loading have, in many cases, been

exceeded. The resulting symptoms of stress - decreases in fish
production and catches, increased residence time for pollutants,
salinity increases and salt intrusion - have been seen in

estuaries on all continents.

There are many different definitions of estuaries,
proceeding from ways of origin of the hydrological, chemical and
biological characteristics, and their spatio-temporal
distribution in varieties of climatological and geographical
areas (Cronin, 1975; Kennedy, 1982, 1983, Ketchum, 1983% ., ek, .s
However, the one thing they have in common is that their past,
present and future environment depends first upon the amount of
fresh water discharged into the estuarine water body (GOIN, 1972;
Rozengurt, 1969, 1974; Kalke, 1981; Bundy, 1981; Goodyear,
1985; Screslet, 1986) and the stochastic nature of runoff
variables, and second, on the stochastic-periodic nature of water
and salt exchange between estuary and the sea by tidal or wind
action. From this point of view, the ecological definition of
estuaries may be determined as follows: the estuaries are the
intermediate complex link within the river-delta-sea ecosystem
where continual variable confluence, interaction and mixing
processes between river flow and seawater inputs take place
(Pritchard, 1952, 1967; Schubel and Pritchard, 1972) that result
in developing specific mixed water masses and, related to then,
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spatio-temporal distribution of their regime and biochemical
characteristics (Olausson and Cato, 1980) and biological
properties of 1limited diversities of estuarine organisms
providing their unique biological productivities.

Thus, the major controlling factors of peculiarities of
brackish water regimes of estuaries are the volume of fresh and
saltwater inputs, participating in water and salt exchange
between a river and sea (Rozengurt and Haydock, 1981; Rozengurt,
1983).

At the same time, they are the moving forces of this
exchange as well as tides and wind (for non-tidal estuaries-river
inflow and wind) which are responsible for development of
specific circulation patterns in and out of ecosystems.

The interaction between controlling factors and moving
forces of estuarine water masses is responsible for the intensity
of advection, mixing and spatio-temporal distribution of any
estuarine hydrological and biological characteristics around the
optimal level for survival of their specific biota.

The seasconal complexity of physical and biochemical
processes going on in the Delta as well as in the fluvial
discharges affect the estuarine regime not over the course of

decades and centuries, but in the process itself. At the same
time, all the changes taking place the river watershed and the
adjacent shelf zone affect the estuarine regime. For

example, one unit of fresh water added to as many as one hundred
units of salt water produces a mixture which still is lighter in
specific weight than the ocean water, and consequently, tends to
spread over the surface. Thus, the river sets in motion an
amount of estuarine water which is many times greater than that
of the river itself (Proudman, 1967; Bowden, 1967, Officer,
1976) .

Each estuary 1is characterized by its own circulation
patterns in space and time which depend upon the combined effect
of hydrophysical and meteorological forces (Tolmazin, 1985), as
well as morphometric characteristics of an estuarine basin
(depth, length, width, channels, estuarine bed, distance from the
oCean [sea] ccastal zone, type of straits, etc.).

Their surface, intermediate (transition) and deep layers
physical (temperature, density, turbidity, transparency,
currents, internal waves, vertical stability, etc.) and chemical
(salinity, pH, oxygen, alkalinity, organic and inorganic matter,
etc.) characteristics distribution differs from season-to-season
and year-to-year (Lauff, 1967; Skinner, 1962; Sutcliffe, 1973;
Sutcliffe et al., 1977; Kjelson et al., 1981; Mann, 1982).

River discharges, tide oscillations and wind effect in
different ways the vertical and horizontal mixing processes and
water and salt exchange between an estuary and an adjacent
coastal zone (Fisher et al., 1979). This, in turn, determines



the majority of the characteristics of estuarine water masses,
which make them unique, but vulnerable to external disturbances,
individuals.

The frictional drag produced by fresh and salty water layers
moving in opposite directions is associated not only with
intensive mixing, but also affects salty estuarine deep waters
through entraining (dragged along) processes moving in the
direction of freshwater discharges.

This mixed estuarine water in the ratio 1:10 or much more
(one part of fresh water, ten parts of mixed waters) is carried
away by the river discharges, augmented in the case of the ebb,
toward the strait and beyond it, and replaced by water from the
intermediate and deep layers of an estuary. As a result of this
salt water uplift, the salinity of estuarine surface water
increases in a seaward direction as well as salinity (density)
and temperature gradients accompanied by many other physical,
chemical and biological <changes in estuarine regime
characteristics.

Here, on a day-to-day basis, water and salt exchange through
the Golden Gate between the Bay and Ocean may be markedly altered
by tidal action which carries back and forth during each tidal
cycle a portion of mixed estuarine water previously discharged to
the adjacent coastal zone. That is why the tidal-prism (the
differences between the volumes in an estuary at the highest and
low tides) concept which states that tidal-prism can provide
dilution and removal of waste from an estuary regardless of river
discharges and is one of the most erroneous underestimations of
the role of runoff in the maintenance of estuarine water quality.

If one follows the logic of this concept, the conclusion
reached is that during 8-10 tidal cycles, the entire volume of
San Francisco bay will be recycled and filled with new, clean
ocean water (including the Delta). This assumption was proven to
be grossly in error by Sverdrup et al, 1942, and later by Ketchum
(1950, 1951) and Tyler (1950) as well as many other
oceanographers. The fundamental finding made by Ketchum states
that the element of mixing volume is bounded by the length of the
tidal excursion. The tidal excursion in the San Francisco Bay is
about 10 km (Conomos, 1979). This implies that only one tenth or
even less of a tidal prism participates in the renewal of the Bay
water, while the role of runoff on recycling estuarine water
masses is two orders of magnitude higher.

When there is a strong flood, the fresh water gushes forth
from the Golden Gate Strait and forms a vast zone of fresh or
brackish water at the surface out to the Farallon Islands and 5-
20 miles in width along the shoreline to the north and south of
the strait. The strong demarcation line, called the hydrofront,
distinguishes this surface water body which is brownish-gray in
color, from the adjoining coastal ocean water. This turbid water
may stay in the area beyond the strait for days and weeks until a
recess of the flood takes place. The tide oscillations move this



water body landward and seaward during each tidal cycle,
providing vertical mixing and dilution of surface layers. The
wind stress superimposed on the tide will speed up these
processes.

SAN FRANCISCO BAY AND DELTA: THE ECOSYSTEM

The San Franciscc Bay and ecosystem (Hedgpeth, 1975, 1983)
is a complex of interconnected and interdependent components
consisting of the Sacramento and San Joaquin Rivers and their
joint Delta with sloughs, channels and marshes and several bays,
the Suisun, San Pablo, Central and South San Francisco Bays,
Carquinez Strait between Suisun and San Pablo Bays, and the
adjacent coastal region outside the Golden Gate (Fig. I.1). The
basic statistics for the Bay are presented by Conomos (1979) as
follows (Table I.1):

Table I.1 Geostatistics of San Francisco Bay

Statistic Value
Area (MLLW) 1.04 ¥ 103 mg
Including mudflats 1.24 x 109 m3
Volume 6.66 X 109 m3
Tidal prism 1.59 ¥ 10° m
Average depth 6.1 m
Median depth 2 m 5 5
River discharge (annual) 20.9 % 109 m3
Delta cutflow 19.0 % 109 m3
All other streams 1.9 x 10° m

The key component of this system is the region between
Chipps Island and Carquinez Strait. In the scheme of estuarine
classification, this is known as a partially mixed or "Type II"
estuary (Fig. I.2). Mixing in this region is primarily a
function of freshwater flow interacting with saline tidal waters
(Fig. I.3). 1In contrast to this is the South San Francisco Bay
which is much larger, but also shallower, in which exchange is
accomplished by the flushing action of winter storms, and is
usually of higher salinity. This type of exchange is
characteristic of coastal bodies of water that lack a steady,
perennial influx of river water. Such environments are known as
lagoons.

Although San Francisco Bay is the largest estuary system on
the western coast of the United States, its principal tributary,
the Sacramento River, ranks about ninth in terms of annual flow
of the major North American rivers, far behind the Columbia and
several Canadian rivers. '

Despite this modest standing, the Sacramento may have been a
great river for a brief time in the winter of 1862, when a
millennial downpour produced a flow as great as the Amazon,



pouring through the Golden Gate in such volume that it even held

back the tide (see Peterson et al., 1985). The watershed of San
Francisco Bay is 163,000 square kilometers, and drains 40% of the
total land area of California (Fig. I.4). In the north, this

basin is drained by the Sacramento River and its tributaries
(Feather, Yuba, Bear and American, which contribute 80% of Delta
inflow), in the south by the San Joaquin River system (Merced,
Tuolumne and Stanislaus, 15% of Delta inflow). The remaining 5%
of Delta inflow is contributed by east-side streams (Mokelumne
and Calaveras).

THE DELTA

The Delta 1is defined in Section 12220 of the california
Water Code (Fig. I. 5) as a roughly triangular area extending
from Chipps Island (near Pittsburg) on the west, to Sacramento on
the north and to the Vernalis gauging station on the south (about
10 miles southeast of Tracy). The total area is about 738,000
acres (more than 1150 square miles), and the surface area of the
Delta water area is over 75 square miles (approximately 48,000
acres) and contains approximately 700 miles of waterways, over
550 miles of which are navigable, some with channel depths of 50
to 60 feet. Although the mean tidal prism (the water between
mean lower-low and mean higher-high tide) is approximately 1.3
million acre feet with present imports.

Before 1850, the Delta was a tidal marsh of approximately
400,000 acres surrounded by a 2-300,000-acre area of slightly
higher elevation (ranging from sea level to 10-15 feet above it).
Sacramento and San Joaquin River runoff, swelled by winter rains
(from the Central Valley) and spring snow melt (from the Sierra
Nevada and Coast ranges), created a vast inland lake. This water
also brought nutrient-rich sediments which were deposited on
Delta lowlands, creating natural levees separating flowing
channels from marsh areas. This highly productive area was
covered with dense tules, willows and cottonwoods which served as
habitat for more than 250 species of birds and mammals (notably
the tule elk), and surrounded by nutrient-laden water, rich in
fish and invertebrates (California Department of Fish and
Game/U.S. Fish and Wildlife Service, 1980).

The Federal Swamp and Overflow Act of 1850 transferred title
of Delta lands to the State of California and, at prices as low
as $1.00 per acre, reclamation began. One hundred thousand acres
had been reclaimed by 1880; 250,000 acres (approximately one
half the Delta) by 1900; and by 1930, about 450,000 acres (60
major islands) had been created. The various streams and rivers
that flow into and through the Delta drain a 61,200-square mile
watershed which carries 40-50% of the natural runoff of all of
California (California Department of Fish and Game/U.S. Fish and
Wildlife Service , 1980).



San Pabio
Bay

*g
Central

O Bay

Gnzzly
Bay

L3
Carquinez A %
Strait "":”“ S i

SAN FRANCISCO BAY-DELTA
(From Kelley & Tippets, 1977)

Sacmento River

Delta

San Joaquir
River

9 i
Golden '— =g Briage
Gate
Pacific
Ocean
San Mateo Srigdge
Dunzarion 8ridge
Cry ‘-
0 10 15 20 miles
5 M . | IS ) 1
Fige Iad

San Francisco Bay and Delta (From

Kelley and Tippets, 1977)



i

25%/00

NS

River
0%/6a

P=precipitation in
cm x surface area/time
(volume/time)

E=evaparation in
cm x surface area/time
(voiume/time)

T, =volume/time of transportation out —_

$So=average salt concentration of outgoing water

) —

T,=volume/time of transpartation in

S,=average salt concentration of
incoming water

B
3
To=11 unit volumes/time 9 7 —S_u -—5-2—5;" 5 0% /o
$,=30°/ 29.3"%0 28.3%%, 26.4% T
Q fon 2
e 2
T,=10 unit volumes/time 4

8

Fig.I.? Salinity and mixi
characteristic of the estuarine reach of San Franci
to Benicia. A: Sea water enters

ng profiles in a partially mixed estuary (Type
sco Bay from Chipps Is
at depth with the tide, mixed water f
seaward at the surface. Seaward surface flow is larger than river flow al
B: Water and salt enter and exit. C: The proportionate increase of
volume. Upward mixing due to tidal turbulence is indicated by arrows
middle. For GVery two units of seawater mixed upward, the inflow decrease

the same two units. (From Duxbury and Duxbury, 1984, with permission.)

A=rver

r volume/time

River
1 unit

volume/time

II),
land
lows
one.
flow

in
s by



(G861 **1B 19 uosiaiag woif) *(JI23UTM) SMOT] 19ATI Y31y Kiaa dutinp 1T1RIAG
zoutnbrey ojur  Aquo Inq  ‘(asumins) smopj JaAT1 Mol Huranp I19ATY oOjuamEBIdeg
y1  oaur sajerlauad  Ap{edTdAl Y[eS ®Ag ‘wolloq Byl  awau UOTIBZ [ [ BIaUTW
pue aoejans ayl Ieau stsajuisojoyd USATIp-IY31] Butjotdap *(Aegq
unstng) Juawlequa ue yiITm AIeN1S3 UBR JO UOTIBIISN|L patytrduts y g1 - 81y

UL

4 1] b ; g ..:Emh
z2unbiry
t&% il Ui |
ayuol o < Aog

L tinsing




-/—’.
Shasta Dam

2 /
ral Valley F’{/cfect / 7-/

Uroville

s 8
{. v & ,Dam \)

Auburn
\ Oam (u.c.) f—/
San Francisco ¥ Oflta / Sacramento |
P -~ (
N
<9 3 !
San Francisco, ay ™ ; ‘:) H
> -
Kesterson Réservnir = Fn- /
i - [ H
? = Central - \
ol Vailey .
f S Project
State ! 3’2
Water =

Project

Y5 K
e A
yhes r
A x /
\ \ San|Luis Drain\'
= / - 2
2 £ Jm
= \ /' <
f | 4 4
" i -
&
o " .M_,-' Drainage divide
™
™
=
zZ
Los Angeles)
Fig.

I.4 The Watershed of San Francisco Bay



A

l [0 ~ACRAMENTO

\\
LEGEND R
1. Contra Costa Canal (Federal) 6. Suisun Marsh
2. Clifton Court Forebay 7. Grizzly Bay

3. Delta-Mendota Canal (Federai) 8. Suisun Bay
4. California Aqueduct (State) 9. Sherman I[sland
5. South Bay Aqueduct (State) 10. Montezuma Slough

Fig. I.5 The Delta. (taken from Dennis, 1981)




THE BAYS

San Francisco Bay consists of two reaches which can be
characterized separately both geographically and hydrodynamically
(see Fig. I.l). The northern reach begins with Suisun Bay and
extends westward through Carquinez Strait into San Pablo Bay; the
southern includes the Central and South Bays. They join in the
Central Bay near the Golden Gate, where they connect with the
coastal zone of the Pacific Ocean. The northern reach or arm
receives 90% of the total freshwater inflow to the Bay (from the
Sacramento and San Joaquin River basin) and the remaining 10% of
the fresh water entering the estuary is contributed to the
southern arm primarily from local runoff which is insufficient to
produce adequate circulation and mixing. Each of these separate
components has unique hydrodynamic properties (Conomos, 1979,
Clocern and Nichols, 1985) that reflect the interaction of
topographic features, circulation and mixing in response to
freshwater, sediment, and nutrient inflow, wind, tides, salinity,
temperature and oxygen content (see Table I.2).

Table I.2 Hydrodynamic Properties of S.F. Bay Segments
(After Rozengurt and Haydock, 1981)

Area Volume Salinity Range (g/1)

Seament 5;3 Kgl Historic Present
San Francisco Bay 1.14x10° 8.34

Delta 159 1:57 0.01-1.8 0.5- 3
Suisun Bay 150 0.50 0.01=-2.0 1.0-14
Carquinez Strait 14 0.23 0.10=-2.5 1.0-20
San Pablo Bay 296 1.05 10.0-30
North S.F. Bay 230 3.39 15.0-33
South S.F. Bay 291 1.60 10.0-=32

In all estuarine systems, the most important part is that
where the incoming fresh water with its load of terrigenous
sediments and nutrients interacts with the more saline waters
from the sea, where a zone of "nc net motion" is develocoped
between the interacting waters, resulting in the concentration of
nutrients, the settling of sediments and the maximum upstream
creep of sea-derived minerals along the bottom from the sea and
lower reaches of the estuary by tidal action. This is where the
estuary is richest in plankton production (Crenin, 1975), where
many euryhaline species of fish thrive as juveniles. This region
is known as the "null zone", the "entrapment zone" or region of
"maximum turbidity", where the action results in what has also
been called the "nutrient trap" (Massmann, 1963; Peterson, et
al., 1975 a,b; California Department of Fish and Game, 1980) 1In
the San Francisco Bay system, this region is between Chipps
Island and Benicia. Its most intense activity moves up and down



the region with the seasonal changes in river flow and tidal
intensity.

The surface salinity conditions in this zone have been
described by Cheng (1986).

Although all of these factors play important roles in the
functioning of the San Francisco Bay estuary, they are beyond the
scope of the present report which places its primary emphasis on
runoff changes which have occurred over the past sixty years as a
result of California water management.

URBANIZATION OF THE DELTA/BAY SYSTEM

Over the past century, the San Francisco Bay system has
become an example of an "urbanized" estuary. It has been
surrounded by 5 million people. Over one third of its area
(including 95% of its wetlands) has been filled for airports,
homes and garbage dumps. More than 60% of the fresh water that
once served as a barrier to salt intrusion and that provided
nutrients, sediment, and flushing has been diverted from the
system. :

A number of symptoms of serious deterioration have resulted
from this stress to the once-resilient Delta-Bay estuarine system
(Rozengurt, Herz and Josselyn, 1987):

1) 75-80% reduction in populations of anadromous fishes
(striped bass, salmon) over the past 30 yYears (Kjelson,
et al., 1982)

2) 100% increase in residence times for pollutants since
the completion of the Central Valley and State Water
Projects,

3) Increased salt intrusion into the Delta (Orlob, 1977).

4) 60-70% reduction in sediment load to the Delta-Bay
ecosystem (Krone, 1979).

Despite the more than $2 billion spent over the past twenty-
five years on the evaluation and management of this ecosystem,
the basic understanding necessary to preserve its health has not
been achieved. Without a clear picture of the complex factors
which influence Delta and Bay living resources and water quality,
management decisions have been unable to reverse the decline of
resources (Moyle, 1976; McHugh, 1976).

Although the system has been modified in a variety of ways,
many experts agree about the importance of water diversions.
"The most fundamental change which has occurred is a reduction in
total freshwater outflow" (Chadwick, 1981, page 215). The
research conducted at the Romberg Tiburon Center over the past
three years was designed to provide in-depth evaluation of



freshwater inflow to the Delta and Bay, the manner in which flow
has been modified since the early part of this century
(especially during the period following the completion of the
major components of the Central Valley Project (CVP) and State
Water Project (SWP) (Dennis, 1981), and to assess the impacts of
flow modification on the salinity regime and living resources of
the system.

This report, which is one of a series, is based upon
descriptive statistical analysis of flow data collected by the
Department of Water Resources (DWR) and Bureau of Reclamation
(BR) . It focuses on the 1921-78 period (although it also
considers more recent information, when available) because it is
designated as the "period of record" by the principal water
agencies and is the focus of the State Water Resources Control
Board's Bay/Delta (Decision 1485) hearings.

The report first analyzes the natural flow characteristics
of the system and their variability in order to estimate the role
of upstream and Delta diversion on runoff patterns. The amounts
(and proportions) of water diverted from both the up- and
downstream portions of the watershed during the 1921-78 period
are analyzed by meonth, season and year (hydrologic, not calendar
year) . The report also presents this information in terms of
running averages for S-year periods in order to display longer
term trends and to minimize the influence of year-to-year
variations. Deviations are calculated for both natural and
regulated outflows from mean natural flow for the period of
record to better characterize the manner in which requlation has
influenced natural flow patterns.

In order to better understand both the gquantitative and
qualitative changes brought about by physical modification of the
system and artificial regulation of its water supply, the report
compares various pre- and post-CVP/SWP flow characteristics and
describes representative pre- and post-project wet, dry and
normal year flows and diversions. To further illustrate the
impacts of regulation on Delta and Bay water availability,
probabilities of occurrence and recurrence intervals are
presented for various pre- and post-project flow events.

The report also discusses various procedures for analyzing
the cyclicity of runoff variability and the bases for past and
present water-year-type classification systems. In order to
illustrate the universality of the runoff characteristics of the
Delta/Bay estuary, comparative data are presented for a variety
of other river basin systems.

Although the report contains a significant amount of
technical analysis designed to be of interest and value to
hydrologists and water engineers, wherever possible, an attempt
has been made to present various data and concepts in as simple a
manner as possible to enable readers without extensive technical
backgrounds to follow the discussion and data presentation.
Since much of the information presented is graphic and tabular in



form, frequent references to figures and tables should aid
comprehension.



Sacramento=-San Joaquin River Flow

I.2.1 Freshwater Balance
General Remarks

Our analysis will concern the management of the combined
flows of the Sacramento-San Joaquin Rivers, which by and large
are continuously renewed in the process of the water cycle.
According to L'Vovich (1974) the volume of streamflow, which is
replenished in the process of the water cycle, exceeds by thirty-
fold or more the stationary reserves in river beds unless the
water cycle is disrupted by man-induced runoff transformation.
The water storages for power plants and irrigation control the
most significant portion of the water supply for the purposes of
creating optimum energy output and enhancing soil fertility. This
approach to the development of water resources makes it possible
to multiply the surface water whose suitability for use without
regulation is limited (Smith, 1979). Therefore, its accumulation
and seasonal redistribution among the various uses is
advantageous to man's perceived needs. However, there are
natural limitations in the water supply such as snowmelt and
rainfall, climatological zoning and size of the watershed which
should be taken into consideration when planning water diversions
from the river basins in question (Vorovich, et al., 1981).

There has been much world-wide evidence over the last
several decades of the importance of foreseeing the entire
range of consequences of those transformations, usually a very
complicated matter, especially when we are dealing with rivers
emptying into estuaries or seas. Forecasting such consequences
requires a thorough knowledge of the runoff cyclicity (i.e.,
alternation of phases of wetness) and the river-estuary
interaction with the other components of the ecosystem (Lauff,
1967; Schubel, 1971; Officer, 1976; Hedgpeth, 1977; Kennedy,
1982, 1984; Ketchum, 1983). It also requires a knowledge of the
natural and regulated behavior of seasonal runoff variables in
light of their multi-purpose uses and conservation (Zhelesnikov
et al., 1984).

Present-day specialists in water management are usually
concerned with some specific water-related industry:
hydroelectric power, drainage and irrigation, water supply
(Hjelmfelt and Cassidy, 1975), or waterway navigation rather than
the fisheries, recreational uses and water quality, etc. of
estuarine systems.

However, since water is a kind of raw material important to
all water users, it is important to analyze all hydrological and
geophysical aspects of water development as well as the
ecological consequences (Vendrov, 1970;: White, 1977).

The 1lack of understanding of the complexity of the
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interrelation between the riverine-estuarine systems has resulted
in deterioration of these systems as well as inland seas
(Rozengurt, 1974; Hedgpeth, 1977; Komarov, 1980; Aleem, 1972;
Bronfman, 1977; Hedgpeth and Rozengurt, 1987).

The current conditions in many estuaries support the
statement that continuation of excessive use of water resources
will inevitably cause the destruction of many estuarine complexes
(Rozengurt and Herz, 1981; Rozengurt, 1983) reducing their
ability to balance man's needs for water with the health of
their living resources (Baidin, 1980; Volovic, 1986).

If we are to avert the destruction of these ecosystems, we
must change our attitude that freshwater runoff is an
inexhaustible gift of nature and bring our needs for water in
line with the spatial and statistically-valid temporal
availability of water resources. In California, there is a
discrepancy: water needs in the south exceed the natural
capacity of the Sacramento-San Joaquin Rivers system.

It is not uncommon to hear that the water problem can be
solved by adopting some particular measures (SWRCB, 1978), 1like
diversion of water from a region that has a surplus to a region
with a deficit, or increasing the number of small storage
facilities, or transforming the upper Delta in plumbing
facilities or enlarging the capacity of existing storages,
barriers, etc. There is nothing new in these measures themselves
if their merit is kept within the optimal range of the natural
water supply which would be able to provide and maintain a set of
hydrological and biological standards and criteria adequate to
preserve the environmental quality of the riverine-estuarine
system.

There have been many forecasts in recent Years based on the
simple linear extrapolation of quantitative consumption of water
resources in the past projected several decades ahead (up to the

Year 2040). This approach produces unreliable results the
uncertainty of which increases as the period of the forecast is
lengthened (L'Vovich, 1974; Vendrov, 1979; White, 1976). It is a

known fact that as the length of a forecast increases, up to 2-3
decades, its reliability sharply decreases (Vorovich et al.,
1981).

The sizable hydrological data for the Sacramento-San Joaquin
Rivers necessitates that we pay exceptionally close attention to
the methods of obtaining adequate characteristics of runoff which
are unavoidable in studying the water balance of the estuary.
The method set forth in the report is a key for obtaining
information on how and in what degree man's activities
transformed the Sacramento-San Joaquin water supply.

A sound inventory of water resources is possible only on the
basis of a study of variability of the natural and regulated
(Kisiel, 1969; Chow, 1964, 1978; Chebotarev, 1975; Hijelmfelt
and Cassidy, 1975; Haan, 1977) water balance due to the fact
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that regulation of water resources inevitably has an effect on
the condition of the other links of the estuarine system. For
example, retention of surface runoff in storages in order to
increase the specific yield will reduce streamflow and increase
the residence time of water masses of riverine-estuarine systems;
salt intrusion and salinization of deltas, pollution of estuaries
and intensive use of groundwater may, in many cases, bring about
a reduction of the subterranean feeding of rivers and
consequently of the resources for stable streamflow.

It has long been known in hydrology that runoff consists of
two genetically different parts: surface runoff which makes up
the peak flow, and groundwater drained by the rivers. But
surface runoff and groundwater runcoff, taken together with
atmospheric precipitation, which engenders all the fresh water of
the land area, are not the only elements of an area's water
balance.

The system of equations of an area's water balance for
computing the water balance is written as follows (L'vovich,
1969):

P=S+U+ E; S+ U=R; W=P-85=1U+ E;

in which P = precipitation,
S = surface (flood) streamflow,
U = underground flow into rivers (the stable part of
streamflow),
E = evapotranspiration,
R = total runoff,
W = total wetting of the area,

Ky and Ky = groundwater runoff and evaporation coefficients,
respectively, which show what parts of annual
infiltration go to groundwater runoff and
evapotranspiration.

This system of equations is in line with present ideas
concerning formation of an area's water balance.

Meanwhile, in a less complicated form, the water balance of
river basins or areas of whatever source have been studied since
the end of the last century by means of the equation (Sokolov and
Chapman, 1974):

R=P-E

This equation does not include the soil link in the water
balance, nor does it include the groundwater and surface
components of runoff.

However, this equation 1is used rather frequently to
determine runoff from precipitation and evapotranspiration
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computed by different methods and to illustratg'differences
between the normal and modified balance of any particular year or
seasons when change in water storage in the river has taken
place.

When natural runoff manages to reach the Delta, it is losing
a small volume of its water on inner Delta consumptive natural
use (evapotranspiration of about 1-3.0% of the mean annual flow).
Then, the river inflow to the Delta enriched by organic and
inorganic matter produced by the Delta, discharges its water to
an estuary. It is then referred to as Delta outflow, the regime
behavior of which is very important in +the formation of
hydrophysical structure and spatio-temporal variability of
estuarine regime characteristics. The stage of dynamic
equilibrium of any type of estuary for mean sea level can be
described by the simplified equations (Bowden, 1967; Proudman,
1967; Pritchard, 1967):

N = P+Q-E
Wy Sy
and Sq =
N + W2
SE = f(srf slr 52)
Where: P = precipitation; Q = runoff: E = evaporation; N =
total freshwater volume of an estuary: W, = the estuarine
"buffer" outflow; and W, = the ocean inflow: S, and S, = the

salinity of the estuarine outflow and ccean inflow, respectively,
participating in the water and salt exchange between an estuary
and adjacent ocean coastal zone; Sg = salinity of estuary; S5, =
salinity of runoff from the Delta.

From the equation it is obvious that if Q was less than E-P
(E>P), then N will be negative, i.e., there will be a deficit in
freshwater supply. Consequently, to maintain the condition of
continuity, Wy S; = W, S,, salinity of an estuarine outflow has
tc be equal to the sallni%y of adjacent coastal zone water S5 (in
the case of San Francisco Bay, the S, would be equal to 337g/1,
or even slightly more, because evaporation from the bay surface
is almost three times higher than precipitation); Wy = W,.

Meanwhile, inasmuch as Sg depends on freshwater discharges
(Q) and intimately relates to Sy, S; and S5, then substantial
runoff reduction will result to increase Sg during some period
time, measured by 'n' years.



However, in the case in which diversion has already begun,
the new equations for S;* and Sg* will be needed to evaluate a
cumulative component of %he increase of salinity in the estuary:

S:!c 5 S* + AS* i
v = - '
b=l 4-1 Liia
* 'n % % 1n
5g 1. T 5g . L 48 ¢
rl"‘l = li=1
Where 'n' = the number of years during which salt accumulation in
the Delta-Bay ecosystem takes place. Where A S,* and AS,* are a
cumulative component of salt intrusion for i = 1, 2, 3....n

years.

This scheme obscures some features of an exceedingly complex
process of salinization of estuaries, but it outlines the
fellowing major regularities (Bronfman, 1977; Rozengurt, 1969,
1974, 1983):

a. The reduction of runoff leads to a gradual increase of
salinity in every part of the estuary and renewal time of its
water bodies.

b. The cumulative effect of salt intrusion into the estuary
and Delta described by +AS will fluctuate until diversion takes
place.

c. The increases in salinity in every part of the estuary
will continue until A S=0, i.e., if diversion has been stopped by
a given year, then the new salinity of the estuary Sp* will reach
its dynamic equilibrium within a given period of time (n years),
though Sg* > Sg.

d. However, 1if diversion starts to increase, the whole
process of salt pollution will repeat itself again until a new
level of salt balance is reached, i.e., Wi* S1% = Wo* S,*,

Such processes of salt pollution of estuaries have been
observed and documented in many different areas where large-scale
artificial disruption of seasonal and annual flow occurs. It
should be noted that an increase in salinity concentration
results in the creation of a very strong interface and increase
in the vertical stability of the water volume that reduces the
efficacy of entraining and mixing strength of regulated
freshwater discharges (Volovic, 1986).



Therefore, the entire estuarine ecosystem adheres to a
certain range of flow fluctuations which determines the
variations of physical parameters and their complicated
interactions with biological features of estuarine ecosystems
which may or may not be linear. It may explain the fact that
most estuarine characteristics are determined by exceptionally
slow cumulative changes in seasonal and annual values resulting
from many years of runoff that maintain the dynamic equilibrium
of the ecosystem and provide the optimum level for population
survival.

I.2.1.1 Procedures for Statistical Analvsis of Sacramento-San Joaquin
River Flow

General Remarks

In order to analyze the natural historical past and
present behavior of natural and regulated runoff variables and
the possible effect of man-induced environmental impacts on the
riverine-estuarine system, the methods of a descriptive
statistical analysis were used. Their effective use is based on
fulfillment of the following three major requirements:

s Appropriate statistical computation of annual and
seasonal characteristics of runoff for a period of observation of
not less than 50-60 years of the natural regime, i.e., at a

representative database;

2. Critical analysis of the obtained results in comparison
with similar developments in other river basins;

i Objective estimation of documented "cause-effect"
changes in hydrological and bioclogical properties of the
riverine-estuarine system in connection with natural and man-
induced factors.

The conditions in number 3 would be best performed if one
attempted to rank, in descending order, the importance of the
causes and consequences. ‘

For example, what is more important to the spawning success
of striped bass: to have more water in spring, or at the end of
summer and in the autumn; to halt the Delta pumping stations or
to increase upstream water withdrawals. Could the returning
water discharges to the Delta improve the water quality if 60-85%
of the total spring runoff were diverted from the system?

_ The hydroleogical phenomena of the Sacramento-San Joaquin
River Delta-Bay ecosystem to be considered are:

1. The combined Sacramento-San Joaquin natural river inflow
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(NRI) to the Delta.
2. The regulated combined river inflow (RRI) to the Delta.
3. The natural Delta outflow (NDO) to San Francisco Bay.
4. The regulated Delta outflow (RDO) to San Francisco Bay.

5. The combined intra-annual unimpaired inflow-Delta outflow
to the Bay.

6. The combined intra-annual impaired inflow/Delta outflow
to the Bay.

7. The perennial dynamics of monthly and annual upstream
and downstream water withdrawals.

8. The 5-year running deviations of the normal water supply
to the riverine-estuarine system (perennial annual and
monthly) .

9. The impact of diversion on the fishery of the river-
Delta-estuary system.

10. The standard criteria for seasonal and annual river
discharges to the Bay ecosystem.

By definition, the natural runoff (inflow/outflow) describes
the unimpaired flow characteristics over the course of a river
during the historical past.

Streamflow which has been subjected to strong modification
due to water withdrawals for the operation of power plants and
irrigation systems, industrial and municipal intakes, etc., is
considered to be the regulated runoff in and out of the river-
Delta system. Its annual and seasonal values are determined by
natural factors as well as those brought about by man through
operational diversions and releases (storage and conveyance
systems, returning waters from agricultural fields, industrial
and municipal intakes, etc.). It is known that these types of
human activities have a pronounced effect on the range of
fluctuations in hydrological, chemical and biclogical regime
characteristics. That is why the long-term trends of their
"cause-effect" changes might be effectively detected initially
through studies of the unaltered values of flow. The latter are
considered as random variables of stochastic origin
(climatological and geophysical global and local factors) fitted
for the statistical analysis on the basis of the distribution
laws.

From that point of view, the regulated runoff no longer
represents a homogeneous hydrological time series, but a database
which has to be considered as a hydrological "mixture" of two
regimes: deterministic, i.e., modified by intakes and releases,
and stochastic.



The integral sum of those regimes results in formation of a
regulated (impaired) river inflow/Delta outflow. The cumulative,
gradual impact on the estuarine environment, as documented
elsewhere, is strong enough to make it necessary to provide a
guantitative comparison between natural and regulated water
supply deviations if detection of the spatio-temporal changes in
the runoff regime and their role on the riverine-estuarine
environment is of concern (Rozengurt, 1969, 1974; Sutcliffe,
1973; Bronfman, 1977; Tolmazin, 1985).

This analysis of the annual and monthly natural variables of
combined river inflow to the Delta and the Delta outflow to San
Francisco Bay in comparison with their impaired characteristics
helps us avoid the confusion that has resulted from considering
the regulated Delta outflow, e.g., the "Delta Qutflow Index," as
the historic record of runoff, as it is considered in many
reports and articles.

Loniinllon 2 Database

1. The first precipitation records were made in the city of
Sacramento in 1849.

2. The first hydrological station to maintain a flow
record in California began in 1878 and was located at
the mouth of the Sacramento River at Collinsville.

3. The first full-scale organized observation of inflow to
the Delta started in 1919 (Sacramento River Basin, Bul.
No. 26, 1931.)

Later, the number of hydrological and meteorological
stations increased many times, and some of them were located at
Key positions where major water facilities were built between
1943-1967.

Runoff records between the 1870's and 1919 are not
considered much of a database. It consists, partially, of direct
measurements taken at gauging stations, located primarily in
mountain and foothill areas, which are calculated by using the
correlation between the index of wetness (precipitation) and, in
some locations, known runoff. This procedure, the mass-curves
method, may restore the missing records on adjacent streams.

Therefore, the monthly and annual runcff records cbtained
from 1871 to 1919 might be used for approximate estimates of
historical runcoff fluctuations.

Due to this fact, in our analysis we rely upon a verified,
primarily gauged, time series database of annual and monthly
runoff characteristics from 1921 to 1984 and published by the
California Department of Water Resources.



Some parts of this material have been widely used by
resources agencies, scientists and numerous private envircnmental
investigators engaged in water planning and development in
California as well as in setting forth the standards and criteria
for the Delta-Suisun Bay ecosystem since 1965. In addition,
some materials related to other river basins were used:
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Natural (unimpaired) Sacramento-San
Joaquin River Basin Inflow to the
Delta (abbreviated in the Report

as NRI)

Natural (unimpaired) combined Delta
Qutflow to San Francisco Bay
(abbreviated in the Report as NDO)

Regulated (residual) Sacramento-San
Joaquin River Basin Inflow to the
Delta (abbreviated in the Report

as RRI)

Regulated (residual) combined Delta
outflow to San Francisco Bay
(abbreviated in the Report as RDO)

1921-1983

1921-1983

1919-1931

1923-1958

1955-1984

1922-1971

1955-1984

1919-1931

California Central
Valley Natural Flow
Data, DWR Division

of Planning, April 1980,
1983

Sacramento River Basin,
Dept. of Public Works,
Div. of Water Resources
Bul. No. 26, 1931.

Division of Irrigation
and Power. Report of QOper-
ations, Region 2. Bureau
of Reclamation, Dept. of
the Interior, Sacramento,
1960.

Dayflow Data, DWR,
Central District, Sacra-
mento, 1986

The DWR, Table-Historie
Delta Outflow. Delta
Qutflow and San Francisco
Bay, D.W. Kelley and W.E.
Tippets, April 1977.

Dayflow Data, DWR
Central District, Sacra-
mento, 1986

Sacramento River Basin,
Dept. of Public Works,
Div. of Water Resources,
Bul., No. 26, 1931.
Sacramento.

Economic Aspects of A
Saltwater Barrier.

Dept. of Public Warks,
Div. of Water Resources,
Bul. No. 28, 1931,
Sacramento.




5% Computed fluctuations of precipita- The Metropolitan

tions; Water District of

Sacramento River area: : Southern California.
Redding 103 Years Planning concepts
Mt. Shasta ’ 91 Years used in determining
Red Bluff 101 Years the water supply

available from the

Feather River Area: State Water Project
Chico 108 Report No. 935,
Quincy 83 ) January 1979.

Yuba River Area:
Lake Spaulding 84
Nevada City 115

American River Area:

Colfax 109
Auburn 108
Rocklin 107
Placerville 99
Sacramento 129

*Note (MWD): Rainfall years are recorded from July 1 through June 30 of the
following year, whereas runoff years are recorded from October 1 through
September 30 of the following year.

& Computed fluctuations of runoff MWD, Report No. 935
of Four-River Index: ‘ January 1979
Sacramento River, above Bridge
near Red Bluff 1921-1978

Feather River, at Oroville
Reservoir 8
Yuba River, at Smartville 5
American River, at Folsom
Reservoir "

7. Natural and regulated inflow to U.S.G.5. Water Re-
Chesapeake Bay: sources Data,
Susquehanna River, at Harrisburg, PA 1891-1984 Pennsylvania and
Potomac River, near Washington, DC 1931-1985 Virginia
James River, at Cartersville, VA 1925-2985
8 Natural and regulated inflow to U.S.G6.5. Water Re-
Delaware Bay: Qurces Data,
Delaware River, at Trenton, NJ 1913-1985 Maryland and
Delaware



9

Additional graphic material on
runoff fluctuations since 1900
and later up to 1978 for USSR:
Don and Kuban Rivers (Sea of Azov)

Danube River (Black Sea)

Volga River (Caspian Sea)

Northern Dvina (Arctic Basin)

The major eleven rivers of the Soviet
Far East, including Amur River
(Pacific Ocean)

USA:

Apalachicola River (Gulf of Mexico)

Rozengurt et al.,
1987
Baydin, 1980

Grigorkina, T. Ye.,
1980

Meeter et al., 1979



I.2.2 Methods

To assess the 1interrelation of the discussed flow
characteristics, the following statistical models and procedures
were implemented:

1.
Number of Qi K; Ky-1 (K;-1)2 (R-1)3  pProbability of
Years Exceedence, %
N m-0.3 . 100%
n+0.4
Where,
Qi = annual (monthly) mean flow for _a given year in descending

order (MAF or cfs); and km”/year or m”/sec.

(One MAF = 1.233 x 10% xm3/year; one cfs = 0.028 m3/sec; One km3
= 1,000,000,000 m°)

Qy = annual (monthly) normal flow for N years,

; Q
K; (modular coefficient) = ai
N

Ky-1.0 = deviation of modular coefficient of a given year

from the normal, K = 1.0

Normal runoff, Q, calculated as an arithmetic mean from the
series of observed values, is a statistical concept. Variations
of runoff with time can therefore be fitted to statistical
distributions and may be investigated by means of probability
theory methods (Chow, 1964; Hjelmfelt and Cassidy, 1975; Haan,
1977; Yevjevich, 1976).

For statistical treatment it 1is essential to have
homogeneous time series, i.e., the physiographic factors that
affect runcoff formation must not change during the period to be
studied. The normal or mean annual runoff should be determined
for a long observational period (50-60 years) which includes
several wet and dry cycles of stream flow (Luchsheva, 1956, 1976;
Hall and Dracup, 1970; Chow, 1964; Sokolov and Chapman, 1974).

The normal runoff is computed from:
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where Qy = the normal runoff and Q; = the annual runoff in the
i-th year of a long-term period of N-years, such that further
extension of the series has only a slight effect on the value of

On-

o 2
/ ;( (K-1)}

_ S i
2. Co = Y/ =

C,, = the variation coefficient which characterizes the degree of
f¥uctuations of annual (seasonal, others) runoff wvalues around
their mean.

The less C,, the more representative is the database. The
value Cy depends upon Q inversely from the duration of
observation. '

n
I{(k-1)}°
c = 1%
3 E] nc3
v
Cg = the skew coefficient which characterizes and measures the

lack of symmetry (asymmetry) of data distribution. It is a very
unstable coefficient, and, as such, it can be refined by
different methods.

The normal runoff (Q), the variation coefficient (Cy), and
the skew coefficient (Cg) are parameters of the distribution
curve of annual (or seasonal, monthly and daily) runoff.

/n — .,
N / Bl

Q n-1

where Q; - Q
= the mean deviation;
n-1
g = the standard deviation and is the measure of dispersion of a

_ set of observed Qi=N relative to the normal Q and reliability
of the latter.

The less the cb, the more reliable Q-



Table I.3 presents the relative standard error of Q as a
percentage, computed from:

£

c
c,
N A&

where "N" is the sample size (or the length of a time series) and
C, i1s the coefficient of variation, and is the standard error,

i.e.,

€
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Table I.3 Relative standard errors of mean values, depending on
the number of cbservations (N) and the cocefficient of
variatien (C,), expressed as a percentage of the
arithmetic mean for N observations)

YEARS
n
Cv 10 20 40 60 80 100
0.10 3.2 2.2 1.6 1.3 1.1 1.0
0.20 6.3 4.5 3+2 2.6 2.2 2.0
0.30 9.5 6.2 4.7 349 3.4 3.0
0.40 12.6 8.9 643 5.2 4.5 4.0
0.50 15.8 11.2 79 6.5 5.6 5.8
0.80 18.0 | 13.6 9.5 747 6.7 6.0
0.70 22.1 15.7 1.1 9.0 7.8 7.0
0.80 25.3 17.9 12.86 10,3 8.9 8.0
0.90 28.5 20.1 14.2 11.6 10.1 2.0
1.00 31.6 22.4 15.8 12.9 11.2 10.0
l1.10 34.8 24.6 17.4 14.2 12.3 11.0
1.20 37.9 26.8 19.0 15.5 13.4 12.0
1.30 41.1 29.1 20.86 l6.8 14.5 13.0
1.40 44.3 31.3 22.1 le.1 15.7 14.0
1.50 47 .4 33.5 23.7 19.4 l6.8 15.0

(From, Luchsheva, 1956; Klibashev and Goroshkov, 1970; Sokolov
and Chapman, 1974.) The above statistical methods for evaluation
of random errors are equally suitable for all components of the
water balance which are obtained as arithmetic means of observed
values. .pa

s Probability of exceedence, P% (Chow, 1964; Hjelmfelt
and Cassidy, 1975; Chebotarev, 1975; Yevijevich, 197s)

P=m-0.3 *# 100%
N+0.4

Where P is the measure of chance or likelihood in percentage
based on observed data for the period of n-years;
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m = order number (1, 2, 3....m) of the analyzed value of
runoff arranged in descending magnitude, i.e., m = 1 for the
highest maximum, m = 2 for the next maximum, and so on,
regardless of the year when data was sampled.

The "P" interprets a past record of runoff fluctuations in
terms of future possible probabilities of exceedence, assuming
that there will not be essential changes in climatological
factors governing the occurrence of the years of different
wetness. This method known as frequency analysis (and its
plotted runoff frequency curve) is one of the important tools in
applied hydrology dealing with storages, water quality, drought,
floods, etc.

P% is a probability of exceedence (in percentage) of the
corresponding runoff during some period of time in the past. 1In
other words, if the probability of exceedance is equal to 1, 5,
10, 25 and 50% it will imply that the historical wet (wettest),
critical wet, abnormal and close-to-normal (median) runoff of
these probabilities occur at least once per:

N = 100; 100; 100; 100 Years, i.e., one and several
1 5 25 50
more times per hundred, or 20, or 4, or 2 years.

Otherwise, if a probability of exceedance of runoff is equal
to 75, 90, 95, 99 or 99.9%, it means that years of recurrence of
the corresponding sub-normal and lower than sub-normal, dry and
critical dry and drought years (months, etc.) runoff will be
equal: '

N = 100; 100; 100; and 100; or 4, 10, 20 and
100-75 100-90 100-95 100-99.9

1000 years.

Runoff for a given probability can be computed from :

%z = Kpy X Qy

These relatively rough estimations can be refined by the use
of theoretical frequency curves (Figs. I.17 and II.16-21)
prepared for the unimpaired annual and monthly runoff patterns.
The rest of the information on natural and regqulated runoff
statistics are grouped in the Tables I.8, II.1, 11, 26, 27,
Appendix 1-7. '

The knowledge of the probability of exceedance and years of
recurrence of the events, in our case, the natural river
inflow/Delta outflow, gives specialists wide opportunities for
obtaining statistically-valid information about behavior of
runoff in time (and many other regime characteristics),
regardless of origin.



It must be emphasized that, as 'a rule of thumb, it is
impossible to pursue water development and allocation of water
resources for different water users if a statistical evaluation
of runoff behavior (daily, monthly and annual) is not performed.
The construction, maintenance and operation of any water
facilities, particularly dams, multi-purpose storages and water
conveyance systems, levees, etc., rely entirely upon the
probability of occurrence relative to definite wvalues of runoff.
At the same time, the living and non-living resources of
riverine~estuarine systems, their favorable and tolerance limits
for survival and reproduction also depend on a water supply of
preferable probabilities (or frequency) discharged to the system
(under a preferable probability of water supply, we mean the
average runoff whose predominant annual and seasonal, say,
spring, fluctuations have a pronounced range of + 30% of the
perennial mean calculated for the period of 50-60 years of
observation. (This will be discussed in Part III.)

More to the point, the unimpaired flow frequency curves can
be used as indispensable tools, acceptable in water engineering
practices, in the evaluation of requlated flow characteristics
and, indirectly, the estuarine environment.

In this case, the reqgulated runoff is considered in the same
way as runoff observed under unimpaired flow conditions. That is
not an improper assumption because natural annual and seasonal
runoff fluctuations (with the exception of late summer-fall, when
returning waters may mask the common regularities) are still much
higher than the regulated values.

Therefore, in this report, we have used this approach to
arrive at a statistically-valid evaluation of regqulated runoff
variables. It gave us an opportunity to show in a very
simplified manner how water withdrawals (monthly and annual)
managed to shift the probability of occurrence of years of
natural runoff of the highest, normal and sub-normal wetness to
the regulated runoff of years of low wetness, sub-normal,
critical dry or even drought.

As one would expect, this replacement of wetness (which
will be amplified later) has not brought about any improvement in
water supply to the Delta-San Francisco Bay ecosystem.

In a statistical sense, such replacement means that under
natural conditions, the majority of low-wetness years of current
controlled runoff would have an insignificant frequency of
occurrence and their appearance would be considered as rare
phencmena.

The physical effect of this wetness alternation at present
is a prolonged water deficit in the estuarine system (this will
be amplified later).

6. Distribution and frequency histogram.
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The monthly and annual (the same for 5-year running means)
natural and regulated runoff variables (inflow/outflow) for
Sacramento-San Joaquin River were grouped in class intervals to
obtain a clear graphic description of temporal changes in
unimpaired and impaired runoff distribution during the time
between 1921 and 1983.

This histogram turns out to be useful in highlighting the
case of the shifting of runoff statistics from one class interval
to another for almost all months of the hydrological year.

by In order to determine the general trends in the
fluctuation of water supply to the system, running averages (for
3, 5, 7 and ll-year periods) of natural and regulated Delta
outflow were calculated. This procedure is recommended to reduce
the influence of short-term (year-to-year) variations in runoff
resulting from extreme deviations in annual precipitation or
snowmelt factors.

These methods permitted us to smooth out the impact of all
fluctuations having the period less than 3, 5 or more years and,
and at the same time, to determine the low frequency trend in
monthly and annual runoff fluctuations under would-be (assumed)
natural and current regulated flow conditions (Chow, 1964).

For example, our principal time series database consists of
the 58 years, Q1, Q5. Qgeeennnn Qgg7 this succession of data may
replaced by a new series consisting of the terms:

A: Ql + Q2 - Q3; Q2 + Q3 A Q4...... QSG + Q57 + Q58
3 ’ 3 3
B: or Ql + Qz + Q3 + Q4 ------ Q53 + Q54 + Q55 + Q56 + Q57
5 5

and so on, which will be considerably smoother in terms of annual
and monthly runoff fluctuations.

Therefore, gradual change of the variable over the whole
period of investigation (1921-1978) depicts the trend which is
the part of oscillations with periods long compared to the
annual-to-~annual record.

8. The resulting differences between natural Delta outflow
(a stochastic process) and regqulated Delta outflow (a
deterministic-stochastic process dominated primarily by
deterministic factors, e.g., diversions, withdrawals and
releases) represent the quantitative trends of the ceonsumptive
use of the water in the upper (upstream diversions, above the
Delta) part of the watershed and downstream (Delta and out-of-
Delta diversions). These calculations were also performed for
annual, seasonal (spring) and monthly flows in chronological
order from the equations (Chebotarev and Klibashev, 1956;
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Klibashev and Goroshko, 1970):

E
Myps =1 Qe - Gr1) de

o
% - 4 Qpo = ooy 4t

AQtotal =4 (AQupS - AQD) dt

In some cases it is not important to prove the periodicity
of fluctuations. What is important is to determine the
significance of non-random fluctuations. This is achieved with
respect to white noise by adding up the deviations of the terms
of the series (integral-difference curves) from normal with
subsequent comparison of the actual accumulation of deviations
with the accumulation obtained in a random incoherent series. 1In
this case, one can explain the predominance not only of 1long
fluctuations (from an anomalously large sum of ancmalies) but
also of relatively short fluctuations (or fluctuations of
enhanced regularity) from an anomalously small accumulation of
the sum of fluctuations.

9. In order to substantiate the statistical and regime
validity of the basic period chosen for analysis of runoff
variables, the trend of normalized cumulative modular
coefficients (annual and monthly) was analyzed.

10. In order to obtain information on flow diversions and
modified behavior of natural runoff variables during 1921-1978,
we normalized the natural and regulated 3 and 5-year running mean
monthly and annual mean runoff fluctuations by means of the
following equation:

D% = (%=5) x 100 - 100%.
A
Where, D - the deviation in percentage of the Qij=pn = the average
for a given period, and Qy - the normal runoff cagculated as the

perennial mean for the period of 1921-1978 for given months of
the 58 years of record.

Therefore, the use of the normal (which corresponds to 100%,
or 1.0 in parts) as the uniform basis for computing deviations
regardless of absolute values of water withdrawals has made it
possible to determine:

1. The scale of water supply changes brought about by
upstream and downstream regulations of the combined Sacramento-
San Joaquin River inflow to the Delta and the Delta outflew to
the San Francisco Bay, for the pre-project (1921-1943) and the
post-project (1944-1978) periods during different phases of
natural wetness; and :
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2. The predominant rate of natural annual and seasonal 5-
year running river water supply fluctuations. (The five-year
period is considered the most adequate in an analysis of runoff
and precipitation fluctuations; this will be discussed in Part
III.)

This procedure has opened the way for assessing, with some
approximation, the optimal 1limit of runoff regulation beyond
which the river-Delta-Bay ecosystem regime characteristics may
experience a great deal of negative transformation unseen or
unknown under natural conditions.

11. Some special statistical analysis was performed for the
combined Don and Kuban river flow to the Sea of Azov (USSR) as
well as for the major rivers of the Chesapeake Bay (Susquehanna,
James, Potomac) and Delaware River (Delaware Bay) to support the
hypothesis that runoff of some large rivers emptying into the
estuaries have pronounced and almost the same range of water
supply deviations of the normal during cycles of wetness of 12-16
years and for running phases of the 5-years in the Northern
Hemisphere. This phenomena is considered to be a universal
aspect of the riverine-estuarine environment.



I.3 Runcff Cvclicity

Since for any given time period variations of runoff occur,
one of the possible approaches for determining normal runoff is
to average it over the longest possible period.

The pragmatic way of obtaining mutually-comparable series
of runoff observations and comparable figures for normal runoff
is to analyze the fluctuations. Taking Shnitnikov's (1968) basic
idea that fluctuations in lake level are a good indication of
fluctuations in runoff, A.V. Agupov (1960) adopted the following
formula as an index that makes it possible to define cycles and
to evaluate fluctuations of stream flow rates from deviations of
modular runoff coefficients from the normal annual level as a
running total:

A, = ﬂff% (Ky = 1)

i=1

in which Ky = Qi = the modular coefficients of the individual
Qn, Year, Q,-normal runoff (perennial mean),

N1 = number of years from the beginning of the
period under consideration, in our case, n =
58 years.

From the resulting cycles of fluctuations in stream flow
rates, it was suggested that a period containing at least two
complete cycles be chosen to determine the true normal annual
runoff. This approach has been used and recommended by many
hydrological researchers (Chebotarev, 1975; Grigorkina, 1980;
Baydin, 1980).

Comparison of the theoretical error of the norm, which is a
function of the coefficient of variation and the length of the
period of observation, with the actual error, consisting of the
deviation of the average value over the number of years adopted
from the true norm objectively ascertained for a rounded-off
period of cyclical variation showed (L'vovich, 1974) that 20-30
year-series did not correspond to rounded-off cycles.

Numerous investigations of perennial runoff fluctuations
have demonstrated significant discrepancies in obtaining values
for normal runoff when an insufficient time series is used to
evaluate cycles (Kisiel, 1969; Hall and Dracup, 1970; Vendrov,
1970; Davidov et al., 1973; Sokolov and Chapman, 1974;
L'vovich, 1979; Gleick, 1986).



For example, the State Water Quality Control Board considers
that the period 1922-1944 1is appropriate for the analysis of
runoff and for recommendations regarding the preservation of

Delta-Suisun Bay water quality. (Delta Plan, 1978, Chapter IV-B;
p. IV=2; The First and the Second Triennial Review: 1981,
1984.) However, the 23 year time series is not statistically

valid for two reasons:

First: This period is too short to be used as the basis for
any type of water quality management.

For example, Hall and Dracup (1970) state that "many

engineers would guestion the wisdom of a development proposal
based on streamflow records of less than 40 years." More to the
point, Sokolov and Chapman (1974) and Linsley and Franzini (1979)
emphasize that natural runoff variables and their normal can be
adequately analyzed and defined if the record of 50 or even more
years 1is used for the statistical analysis of unimpaired

streamflow behavior.

In addition, the SWQCB 23-year database uses the two lowest
segments (the end and the beginning) of two different phases of
very different cycles (Fig. I.6) which itself may lead to an
erroneous conclusion about water availability, or about the role
of runcff in prevention of salt intrusion to the Delta, etc.

Second: The standard deviation of the "normal" annual and
seasonal inflow to the Delta based only on the 23 years of pre-
project conditions is more than 18%. However, standard

deviations must be not more than + 5-10% for seasonal flow and
+5-6% for annual flow if the period of observations is at least
58-60 or more years. In the latter case, the absolute range of
flow deviation + 0.1-0.3 MAF ver month, and about 1.6 MAF for the
"normal™ inflow of Sacramento-San Joaquin river watershed is
acceptable.

But in the case of the Boafd's recommended period, the range

of standard deviation will be four times higher i.e., beyond any
reasonable value for practical implementations.

Table I.4 Procedure for Calculation of Runoff Parameters

N Ql
T )

Years Runoff k=20, Ki=1 I (K=1) z (k=1)
descending _ i=1 i=x. ¢,
order On

1 2 3 4 5

T - Time scale
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The conclusion is that the period of runoff ocbservations has
to be at least 50-60 years in order to yield the true normal
runoff. A lengthy period that would cover several cycles of
observations might yield a comparable norm.

Based on this approach (Table I.4, see Methods I.2) the
integral deviation of modular coefficients was computed and
plotted for the Sacramento-San Joaquin River (Table I.4, Column
4, Fig. I.6).

It is possible to come up with the following information
from these curves:

A. The period of time between the K lowest and K highest
points of curve corresponds to the wet phase of a cycle.
Consequently, the period of time between the K highest and K
lowest points of curve corresponds to the low wetness phase.

B. The value of the average modular per a phase and per
cycle can be determined from the following equation:

per wet phase:

) = —_—-
K avr N + K

per low wetness phase:

. Ky = Kp(2)
Kayr = — % — *+ K
per cycle
; K1) = Xu(2)
Krayr = n + K
where K¥ vy and KLavr = the average modulars of wet and low
wetness Shases, respectively.
S KL&I% and Kp y the lowest values of modulars at the
beginning an he end é% a cycle, respectively;

Ky = the highest modular of a cycle,

N = the number of years comprised between KL(l) and
Ky, KXy and KL(2) and KL(l) and KL(Z)

n = a total number of years per each cycle, comprised
between KL(l) and KL(Z)’ N-number of years per phase.



K = modular of the perennial mean (annual or monthly)
value of runoff; K = 1.0. -

The curve of Fig. I.6 displays quite clearly the thrge full
cycles. Each of them is divided into the two phases: high and
low flow of varying duration (Table I.5).

Table I.5 Phases and cycles of the Sacramento-San Joaquin
unimpaired inflow oscillation

Phase Mean Phase Mean

Pericd Dura- Modular Period Dura- Modular

of Phase, tion Coef- of Phase, tion Coef- Cycle
# Rise (Years) ficient Decline (Years) ficient Periocd
i Y —-—— - - 1922-=37 16 0.79 -
23 1937-43 6 1.34 1943-50 7 0.78 1937=-50
3. 1350-58 8 1.27 1958-64 6 0.78 1950-64
4. 1964-=-75 11 1.24 1975-=77 2 0.+51 1964=77

5. 1977=7

It is interesting to point out the following phencmena:

1. The Sacramento-San Jocaquin natural river flow
oscillation is confined by cycles which manifest the sanme
duration (13-14 years) regardless of the duration of phases of
different wetness.

2. The average volume of runoff for the cycles tends to
approach the normal annual runoff, computed for the periocds of
1921-1978 (the average deviation of a mean modular coefficient
from the normal, i.e., k = 1.0, is insignificant).

3. The average deviations of a modular coefficient of
phases of high (rising) and low (declining) wetness from normal
are equal to +0.28 and -0.22, respectively, with the exception of
an atypical but more than critical dry and the shortest period
1976 and 1977.

It must be emphasized that these relatively stable
deviations reveal the ocne striking regularity of runoff
fluctuations observed in many rivers of the Northern Hemisphere,
namely, that the predominant range of deviations of water supply
calculated as the S5-year running mean from the normal is equal to
* 30% (the five- year period is the favored one among
meteorologists and hydrologists inasmuch as the precipitation

I.34



manifests this scale of variability). i

This predominance of the scale of deviations (more details
will be discussed in Part III) tends to support our hypothesis
that each natural cycle tends to maintain the dynamic equilibrium
in the River-Delta-Estuary hydrolecgical and bioclogical
characteristics regardless of the number of wet or low wetness
years per cycle.

This, in turn, implies that the well-known resilience of
estuaries in response to external disturbances (too much or too
little runoff; strong winds and no winds, etc.) is based on the
cumulative nature of the estuarine environment, acquired
thousands of years ago.

Although a complete discussion of this matter is beyond the
scope of this report, it is interesting to note that a comparison
of cyclical fluctuations of stream flow ascertained by this
method shows that there are synchronous variations with certain
deviations for the north and south within the European part of
the USSR (L'vovich, 1974, 1979), while asynchronism prevails in
variation of streamflow of rivers to the east and west of the
Urals. Cyclical variations of Siberian rivers display almost the
opposite direction from the variations of the streamflow of
European rivers (Baydin, 1980).

The results of a study by G.P. Kalinin (1968), who
constructed maps of isocorrelates of the annual streamflow of the
Volga and Mississippi with the annual streamflow of about fifty
other rivers in Europe, Asia and North America, lead to a similar

conclusion. His analysis demonstrates that there are positive
correlation ccefficients for rivers in Europe, and North America
(up to the Florida parallel). In order to have the revealed

cyclicity for the combined Sacramento-San Joaquin River
comparable with the fluctuations with other river runoff, it is
necessary to exclude the effect of Cy- (It is known that the C
characterizes the degree of variability of runoff. That, in
turn, exerts the influence of Cy on the values of the modulars.)
To do so, the cumulative sum of modular deviations for each year
of different rivers has to be divided by Cyr i.e.,

n
I (K-1)
£f(n) - i=1

c
v

Where, f is a dimensionless ordinate which makes it possible to
Plot normalized modular's deviations obtained from different
river runoff variables using the same scale (column 5, Table
I.5).

From the trend of normalized modular variables presented in
Figs. I. 7,8, it follows that synchronous runoff fluctuations
prevail in the Sacramento-San Joaquin River flow and combined
runoff of several major rivers of the Far East of the USSR,
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emptying into the Pacific Ocean (Fig. I.7) as well as with
combined runcff variables of the-Sea of Azov (Fig. I.8 (Rozengurt
et al., 1987; Grigeorkina, 1980), i.e., their runoff fluctuations
are almost in phase.

It must be emphasized that the normal wvalues of runoff for
rivers of the Far East and South of the USSR were computed for
almost the same period as was done in the case of the Sacramento-
San Jocagquin River in this report as well as other runcff
statistics per each phase and cycle.

Therefore, the cne sclution from these investigations which,
in our opinion, has proved to be reliable, consists of
ascertaining the norm for several complete cycles of variations
of streamflow. In this regard, we consider the values obtained
by the DWR for the normal annual and monthly unimpaired
Sacramento-San Joaquin River inflow as well as the Delta outflow
to be closest to the true ones.

At the same time, we would like to emphasize that when we
are dealing with regulated runoff fluctuations which reflect the
natural cyclical variations as well as varying intensity of water
development into the watershed, we may come across a level of
changes that might be commensurate with the scale of cyclical
variations.

A.V. Shnitnikov (1968) analyzed secular rhythms over a
period of 1,800 to 2,000 years and noted that there is a general
decline in wetness now occurring (Fig. I.9) The basis for his
analysis was fluctuations of lake levels and the geomorpholcgy of
their shoreline, transgressions and regressions of the seas,
fluctuations of mountain glaciation, and concentration of pollen
in layers of peat, archaeological findings, etc. A cross
analysis of all these phenomena by Shnitnikov made it possible to
ascertain that the present-day secular rhythm over a period of
several centuries, beginning about 500 years ago, was first
characterized by high wetness, which lasted until the end of the
18th and beginning of the 19th century; since the second half of
the 19th century, this phase has been replaced by a decline in
the wetness of the continent. The intensity of this decline is
such that it has been making itself felt for several decades.
Shnitnikov traced these variations beginning in the 14th to 12th
centuries B.C. to our own time.

These two causes—-anthropogenlc factors and natural rhythmic
fluctuations--have been causing changes in the same directicn,
which have been superimposed on one another and have been
lnten31fy1ng the trend toward a gradual reduction of river flow
in lakes, estuaries and seas.
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I.4 Definition of Historical Flow to the Delta-Estuarine
Ecosystem and Water-Year Tvpe Classifications

I.4.1 General Remarks

In numerous reports and articles describing the perennial
and seasonal runoff patterns since 1921, as well as water
availability to meet the needs of different water users, the
Delta Outflow Index (DOI) is the major management statistic to
have been created.

The DOI was developed by DWR staff and adopted by the SWRCB
as the criterion of the "historical™ Delta outflow fluctuations
and it has become the foundation for CcCalifornia's water
development and management decisions. Numerous regression
analyses and modeling schemes have been based on it as well. The
DOI has been employed for two major purposes:

1) To establish standards and criteria that are intended to
provide optimal 1levels of runoff discharge to meet the
requirements of agriculture, industry, recreation and living
resources in the Delta-Suisun Bay ecosystem, and

2) To plan and implement additional water storage and
conveyance facilities in the river basins and in the Delta.

As will be illustrated later, this procedure has permitted a
great deal of flexibility in specifying and defining water
availability as well as in setting forth standards and criteria
for environmental protection because:

1. The DOI by definition describes the residual outflow to
the San Francisco Bay (i.e., what is left after upstream and
downstream diversions) and as such illustrates the chronological
fluctuations of residual runoff (what is known in hydrological
literature as controlled or regqulated runoff) which strongly
reflects the impact of artificial management.

2. The daily, monthly and annual values do not represent
the natural runoff behavior of either the past or the present,
and therefore do not reflect the origin of riverine-estuarine
ecosystems or their requirements for fresh water.

3. Any conceivable water balance calculations which use the
DOI automatically replace the physical sense and meaning of the
behavior of natural or unimpaired runoff variables with that of
artificially-created residual hydrological, biochemical and
biological parameters of the estuarine system.

By definition, unimpaired runoff is the total amount of
water flowing in major rivers and their tributaries based upon
base flow and overland flow from the entire area of the watershed
without storage facilities or conveyance systems for transporting
water out of the basin.



Hence, the Delta Cutflow Index should not be confused with
the definition of unimpaired historical Delta outflow or other
runoff characteristics such as natural river inflow to the Delta
(NRI) or regulated river inflow to the Delta (RRI) (Fig. I.10).

The regulated values of runoff should be used initially as
estimates of the impact of human activities throughout the
watershed on seasonal and annual natural runoff fluctuations
particularly when water development and future of the estuarine
system, which are intimately connected with each other, are of
concern.

The random or stochastic nature of natural runoff variables
is analyzed (as is a well known procedure) with the help of the
theory of probability, while the regulated Delta outflow
parameters which consist of deterministic (i.e., man-induced)
changes and stochastic elements may also be analyzed but with
certain caution by the same methods of descriptive statistics,
only for the purpose of comparison with the same elements of
natural origin. This approach may avoid the widespread
confusion and frustration particularly among those who are
responsible for decision-making actions about the current and
future impact of water diversions on the increase of salt
pollution and possible development of irreversible changes
related to the fishery and other resources of the river-Delta-San
Francisco Bay ecosystem.

In the light of what has been said above, it is important to
examine some of the problems related to the water-year-type
classification schemes which have been used as the basis of
different levels of water withdrawals and diversions in the
Sacramento and San Joaquin basins for agriculture and other
uses.

Since the early 1950's three different water-type
classification schemes have been used by water planners and
developers.

First The November 19, 1965 Delta Water Quality Criteria
agreement and D1379 used the Bureau of Reclamation's water-type-
classification system which was based on Sacramento River inflow
to Shasta Reservoir.

The Bureau's classification scheme was introduced in early
1950 (P. III-g, Delta Plan, 1978). D-1379 had a similar
classification of water years "in categories of natural flows
available for normal, below normal, dry and critical
years....based on only the inflow in Shasta Reservoir" (DWR,
Peripheral Canal Project, 8, 1974, p.50).

However, 1in the early 1970's, the Department of Water
Rescurces concluded that this classification system could serve
water development in a very limited area of the river but it can
not be used for the determination of the Delta water needs and
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especially not its water gquality criteria because their
characteristics are based on "only the inflow to Shasta Reservoir
which may not be indicative of hydrologic conditions throughout
the Central Valley and PARTICULARLY in the DELTA," inasmuch as
during some years, when water conditions in the San Joaquin
Valley "were well below normal" the same period of time could be
classified as normal based on Shasta inflow (Chapter 11, 1974).

The correctness of this evaluation can be easily seen from
Pigs T:11: Even casual scrutiny of the temporal and spatial
runoff variables, i.e., their wvalues and the range of annual
variables, can lead to the conclusion that runoff from the upper
Sacramento River has very little in common with the Sacramento-
San Joaquin rivers or the Four River Index runoff.

It can be seen from the histograms (Figs. I. 12,13), that
the range and fregquency of occurrence of these two runoff
characteristics are incomparably different. This 1is not
surprising if one bears in mind that runoff measured at Shasta is
derived from only approximately 8% of the Sacramento-San Joaquin
River watershed while the combined river flow above the Delta is
derived from 80% of the watershed.

It is interesting to note that '‘despite this obvious
inconsistency, the Shasta flow year-type classification was used
as the environmental background during one of the most important
periods of California's water development when the major water
facilities were built and numerous contract obligations were
adopted.

In 1974 DWR proposed a revision of the Bureau's and the
Board's water-year-type classification system "used in the
November 19, 1965 Delta Water Quality Criteria" and in D1379,
because of its shortcomings and limited use for: a) analysis of
runoff behavior and water availability studies concerning
predictions, and, b) recommendations on the amount of water to
be withdrawn throughout the Sacramento-San Joaquin River basin
for agricultural (primarily), industrial and other needs.

Second As a result of this analysis, the DWR proposed that
a modified method of water-year-type classification be used "for
demonstrating operation of the Peripheral Canal and satisfaction
of the Delta objectives." According to the DWR, "the modified
method is based on the presence of normal unimpaired runoff to
the Delta from both the Sacramento and San Joaquin River
Systems," (DWR, Draft Environmental Impact Report, Peripheral
Canal Project, August 1974, p. III, 50-51).

This "modified method" of runoff classification was a major
step forward in comparison to the "Shasta Inflow" approach
discussed above for the following reasons:

1) Its runoff is based on water from more than 75% of the

Sacramento-San Joaquin watershed (the preceding, so-called 19
criteria classification, was based on runoff variables derived
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from 8% of the watershed).

2) Consequently, annual and seasonal values of runoff used
for this type of classification differ much less from those based
on the total flow from the Sacramento-San Joaquin River
watershed.

3) Their year-to-year (Fig. I.11) and even seasonal
fluctuations are similar to those of the total runoff variables
as well as to their order of magnitude.

However, this modified classification has one shortcoming,
failure to include the significant amount of runoff from the
Valley floor (more than 15% of combined river watershed) which,
in combination with upstream flow, determines the total river
inflow to the Delta followed by the Delta outflow to the Bay
(after subtraction of the natural Delta water losses, i.e.,
evapotranspiration, etc.).

But, despite this shortcoming of the "modified method"
(which is a typical example discussed in numerous textbooks and
applied hydrology manuals), it is statistically valid for all but
truncated runoff characteristics for the period of 1922-1971
which might be considered more of value than the water-year-type
classification of 1965, or even the Four River Index of 1978
(basis of the D1485) if the balanced water development and
preservation of the Delta-Bay ecosystem are concerned.

However, the "modified method" classification had a very
short life and was replaced by the Four River Index.

The Four River Index. This water-year-type classification
system was introduced by the DWR as a basis for setting forth
runoff and salinity standards and criteria to be adopted by the
State Water Resources Control Board in D-1485 in 1978.

This index is based upon the total runoff derived from the
upper Sacramento River watershed and its major tributaries (see
Section I.2.1.2). Hence, this system is "determined by the
forecast of Sacramento Valley unimpaired runoff for the current
water year (October 1 of the preceding calendar vyear through
September 30 of the current calendar year" (Bul. 120, DWR; Final
Environmental Impact Report for the Water Quality Control Plan,
SWR/CB, August 1978, p. III-10 and the SWQCB reports since that
time to the current year). The runoff is said to derive from 75%
cf the Sacramento river watershed.

Based on the data obtained during 1922-1978, the water-year-
type classification was split into two sets (Fig. I.14).

This classification system, known among water planning
engineers as the water management classification, possesses many
"remarkable" features. The major one is its relative flexibility
in meeting the contractual obligations for water delivery, and at
the same time having these withdrawals adjusted to the
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alternation of years of different wetness regardless of the
optimal runcff needs of the San Francisco Bay estuarine system.

Optimal runoff means the seasonal volume of discharge wh;ch
will provide a dynamic equilibrium of estuarine regime

characteristics within their dominant range of natural
fluctuation and therefore maintain the physical and chemical
conditions necessary for the survival of living resources. Had

it been possible to attain these requirements, there would not
have been the problems related to estuarine water quality that
have developed.

However, all of these classification schemes fail to
consider the needs of the Bay for definite runoff discharges,
and disregard some basic laws of hydrodynamics and thermedynamics
concerning the fundamentals of continuity of certain processes
which affect all river-Delta-estuary-sea ecosystems.

I.4.2 Comparative Analvsis of Statistical Parameters of Three

e~ —— = -ELLL R AT W A W T Y A

Data Base

The basic features of the three systems are compared as
follows:

1. Total natural Sacramento-San Joaquin River inflow to the
Delta from their entire watershed; period of observation, 1921-
1978.

2. The Sacramento-San Joaquin upper river inflow to the
Delta from 80% of the watershed (the DWR modified method, 1974;
the period of observation is 1921-1971).

3. The Four River Index, i.e., upper Sacramento, American,
Feather and Yuba River inflow to the Valley floor (approximately
75% of the combined watershed), from 1921 up to 1978.

Methods

These three sets of data were analyzed with two statistical
models, namely, moments and grapho-analytical (three points,
Chow, 1964).

As a result, the "normal" as well as the probability of
exceedence and years of recurrence of different volumes of
runoff, standard deviations, coefficients of variation and
skewness were calculated and compared (Table I.6)



Table 1.6 Statistical Parameters of Runoff for Different Parts
of the Sacramento-San Joaquin Watershed (original)

Area of Origin of Runoff Statistics
------------------------------------------------- Standard
Devia-
Q tion
MAF c, Cq MAF
T? I;tal-gacramento-San Joaquin River
Inflow to the Delta, 1921-1978 28.3 0.52 1.0 12..5
2. Upper Sacramento-San Joaquin River 23:3 0.48 0.80 9.6
Infiow to the Central Valley
Floor (1921-1971)
3. The Four River Index Inflow to 17.3 0.42 0.88 7.28
the Sacramento Valley Floor
(1921-1978)
@ = mean for period of record;
Cv = Coefficient of variance; Cs = Coefficient of skewness

Therefore, we have the three different statistically wvalid
"normals," (Table I.6) to describe the same process. These
parameters in conjunction with Cy and Cg (as was shown earlier)
provide us with a procedure for determining the probability of
years of different wetness in the past and comparing their values
with those observed at present, and answer, with acceptable
approximation (a more detailed explanation can be found in
numerous textbooks and articles on the techniques of the
descriptive statistics in hydrology) what type of year or season
or month we are dealing with, and how often it may be observed,
and if its average is higher, equal or lower than a perennial
mean (the normal). The latter occupies the middle position on a
runoff frequency curve close to 50% (median) of probability of
occurrence that corresponds to the recurrence of median runoff at
least once every two years. Any values of runoff that are higher
than the former correspond to the abnormal, wet, or wettest year,
otherwise, sub-normal, dry, critical dry and drought, and each of
these water-type (or wetness) years has its own probability and
corresponding recurrence interval of events (Figs. I. 15,16).

Discussion
As can be seen from Fig. I. 17, 18, 19 and from Tables II.

7, 8 the probability curves of selected areas of runoff formation
exhibit a strong similarity inasmuch as Cy and Cg are almost the

I.42



*dn papunox aie sanyea d) :BI0N,

H

61

91

9¢

1

Ly r4s 66 dy MOpjuy
I9ATY

urnbeor ueg

—0jusueadeg

1810y,

8¢ oY oy dYh MOpJuf
SETN S|

utrnbeopr ueg
—0UBMWRIILG
1addp

#(1L-1261) BAT2(Q 2Yy2d 01 MOTJUT JISATI TEIO0I 8yl Yyitm (poyisw patjipouw)
B119( 2yl 03 MOTJUT IDATY urnbeop

ueg-ojuauwerdeg Jaddn 9yl jo uostiedwo) g 1 21qE]

61

Al

9z

91

c9 dy mOTJuT
IDATY

utnbeor ueg
~01UdWEIIeG
pautquoy)

Sy 89

LT € ge  db Jjouny
Xapujy

I9ATY

ano,j

01 0z 0ol 9OU8IINIDY
jo
siesj

66 S6 06

SL

0s

0 < 1 %

#(8/-1761) so1aT11qRqOoad JU81I9JJTP 10J AS[[BA OIUDWEIDES 9yl 01 JJOUNI X3PU] IBATY INOY
2yl yITmM BIT3( 24l 03 Ioaty uinbeor ueg-ojusweioeg ayl jo Jjouni [e3ol 8yl jo uostiedwo) /-] S[qR]



sotlttqeqoad ueatd oy (z) pue (1) uwsomioq soouvangjrp jo
LI o1 07 saysear aaddn oy woay mopjur g
Jo saratrrqeqoad quaasyyrp a0y paysd

NL-1761 “moypy jo

aseanovaod (g) pue
IATE (7)) yarm vostaeduod ur jjouni
Qaem Joa s urnbrop ueg-ojuawe.aug o

oL

0¢

(113

Woxg BIE8q 9l 01 mopjur I9a 1 [enuue 1el07 [eanyeu (1) 1o osunjop - ST 191y
(sieap) |easaju) eousiinsay
001 o¢c 0l v (A v 0L o¢ 00l
66 G6 06 Si 0S S¢ 118 S 3
(%) Aitjiqeqoig
L I ] l-
- mem me= g
— =
—— e e—
i
bl e |
i
|
I.N..l-
|
l
2 Al

ov

0S

09

4'Y 0oL X



H-T761 *mory jo sarrirTqeqoad uaatd
10 (7)) pue () usaniaq sadudIajyrp jo adrjusoaad (£) pue xapup 19a L1 anoj
AU Jo Jrount peanieu () qatm vosiaedwonr ur jjouns jo saritriqeqoxd quaiayjip

401 BALO( YT 07 MOTJUL A9ATE poulquod jenuue (1) jo amnop” 9T 1791y
(s180)) [walglU] @2UBIINDEY ]
001 oz (1] 8 14 4 4 113 0¢ 001 m
66 S6 06 Si 0s S¢ oL S I
(%) Ainaqeqoiy oy
0G-
il ov-
£
0ge-
0e-
oL-
0
0
ot
114
0t
i
8 05
\ 09

0L

%%

4V 40k x



ANNUAL
2L
Q =283x105AF
Cy=044
Cg =038
1s5L
Kp
il
asL
Q | 1 ! ! ! s ! ' 1
1 3 10 25 50 78 90 a5 99 9
’ probability
: ! ! ' ! !
100 10 = 2 5

0 100
years of recurrence

Fig.I.17.Probability Curve of Annual Natural River Inflow (1921-78).



*XIpUT

AOATL INOJ Ay JO Jjound peInjeu ayy jo aaind LArryrqeqoxd ayy * 9L 1°91y

80Ua.INJaY jo sieap

o0 -l ¢ - o
(%) Ainqeqoiy :

001 S6 06 Gl 0S_ T4 oL L
T T T ¥ T T T ) L

88°0=59

ero=7p
LgZL= 0O

L.

L

¥o
S0
90
L0
80
60
oL

S




(dnpea snipnpow 8yy sL y)  [/61-226L ‘eIL2p Byl 0} Amv_v #o| Jul
PoysJaajem 4oaLd suoLieys BuLBed || 1yroo) pue (ly) mopgur peanjeu |ny jo AjLLqeqodd 61 1 DLy

(°%e) Avnqeqoid

i ) ! | 1 LS ] T
i , i ! ! ! ' c
i m ] o T
; B O o ) [ I
o B i ; | P e
g 4L ,. L afl woags  fa fEegnoa
IR LR R conhs ol raen { Sheta
el o - 5
; _ = 1 i i .
o | o
R Bl _ B Sy -1
: b
] _ W SRR
oo _ ; . g o -
ididene T 4 B 1 TR
R _ sl P ()
_,” " _ '
RN | | I o s
- “ ” ] . : I : |
- | , — ; “ \ : st
: HL X VIEZ |80 (8p°0 2y ; :
1 ¥ . i . 1
IR NI
RS Rt SO SO oot . : SIS o o s
w8 CE . Bipd ol fediomta & . O . !
o | g xevee otk Jesto 'N B ! : : ”
= _ : : : i it N - ' ' .
A B vty il o  LL6L-2T6L | LY B
AR ¥ . _ , b : _ o g
_ KR L B I | Lo m N\ iy
- 4 ! _ | A ! | : _
Wy BT i R : I i o




same. However, the absolute values of runoff for a given
probability cbtained from these curves differ significantly. This
implies that the natural river inflow frequency curve of the
upper Sacramento-San Joaquin and the Four River basin gives
values of runoff for years of different wetness (the wettest,
wet, abnormal, normal, sub-normal dry, critical dry and drought)
considerably below the total inflow frequency curve from the
entire Sacramento-San Joaquin River watershed.

I.4.2.1 Total Sacramento-San Joaquin River Inflow to the Delta

versus Upper Sacramento-San Joaguin River to the Central
Valley Floor

L. This runoff of 1922-1971 represents only the Rivers'
flow from "the major tributaries at the foothill gauging

stations..." (Letter by J. D. Vayder, Planning Branch Division of
Planning, DWR, July 30, 1984), i.e., it doces not include "the
Valley floor and additional minor tributaries." As a result of

this "omission" the annual values of upstream runoff (modified

method DWR, 1974) are less than the total natural runoff
(California Central Valley Natural Flow Data, April 1980, p. 27)

from Ehe watershed over to the Delta by about 1.0-12.2 MAF (1l.2-

15 km”) or 10-24% of the total annual runoff. The predominant

range of deviations is equal to 15-20% (Table I. 10).

2. With the exception of the years of low wetness, 1924,
1829, 1931, 1933, 1934, 193%, maximum and minimum differences in
annual values between thege two sets of runoff statistics w§re
equal to 12.2 MAF (15.0 km” - 1938, 1969) and 2.0 MAF (2.5 km -
1947), respectively.

3. These values correspond to the deviations of 52.8% and
8.7% from the normal (1922-1971).

4, And yet, the normal upstream runocff (1921-1971) adopted
by the DWR when the Peripheral Can%l was under discussion was
equal to only 23.2 MAF (28.4 km”, from 80% of the river
watershed) while the same characteristics of the total natural
;;g?ff (100% of the river watershed) were equal to 28.1 MAF (34.8

Therefore, the difference between the mean flow to the Delta
estimated from the upper gauging stations (modified method) and
the total was equal to 5.0 MAF (6.2 km3). This wvalue is more
than the San Joaquin River inflow and constitutes 18% of the
total inflow to the Delta for the period 1922-1971.

This difference (i.e., between the normals 23.2 and 28.1
MAF) leads automatically to the successive reduction of runoff
values for the wet, sub-normal, dry and critical dry (drought)
years.

_Because each year of different wetness is calculated through
multiplication of modulus Kp for a given probability, "P", by the
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normal runoff wvalue, Qn, for example, for a probabilitg of
exceedance of modulus K;, Kggeee.o. Kggge v oo the Qp for a given
probability is calculated as:
Qi3 = Xy * Qi Q55 = Kgg * Q.- Kooy * Qn

Therefore, 1f Kp is multiplied by 23.23 or 28.2 MAF, then
runoff for the same probabilities of occurrence will differ
(Table I.7) i.e., the higher differences between the normals of
the two sets of data, the higher the differences between runoff
of different probabilities.

It becomes even more obvious if one tries to compare the DWR
year of wetness classification (modified method) with water-year-
type classification based on a total inflow to the Delta from the
entire watershed for the same probabilities (Table I.8).

The comparison of the wvalues of the two sets of runoff
variables for different probabilities of occurrence or, in other
words, for years of different wetness, shows the following (Fig.
T 1B) 2

1) Annual runoff variables of the 1, 5, 10 (wettest); 25
(wet); 50 (median, close to normal wetness); 75 (sub-normal
wetness), 90 (dry); 95 (critical dry) and 99% (drought)
probabilities of the total river inflow to the Delta higher of
those of upper Sacramento-San Joaquin River inflow (Figs. I.15,
16). The range of these differences for above normal and sub-
normal years of wetness are approximately equal to 14=-17 and 2-5
MAF, respectively.

It is not difficult to see that these differences are too
significant not to be taken intc serious consideration if a water
year type is related to recommendations on water available for
withdrawals as well as to what water-year-type the impaired
runoff corresponds to, etc., are in question.

For example, if the total river inflow year-type-
classification is used for annual runoff evaluation, then the
majority of the years of the DWR's "modified" method" classified
as wet, above normal, sub-normal and dry will be shifted to the
subsequent low category of wetness.

Table I. 9 provides support to this statement. TFor example,
the number of wet and sub-normal years ("modified method") were
reduced twice when their natural values were compared with the
runoff of the corresponding wetness, according to the total
runoff classification.



Table I.9 Comparison of the Mcdified Method and the Combined
Sacramento-San Joaquin River Inflow Water-Year-Type

Classification
Water Year Modified Number of Total Year Inflow Number of
Type* Method Events Classification Events
Wet Years 29.03 15 35.14 7
(Greater than 125%)
Abnormal 4 8
Normal Year 2323 2 28.20 1
Sub-normal 11 5
Below Normal 18.58 ; 4 22.586 9

(Less than 80%)

Dry 16.26 8 19.74 7
(Less than 70%)

Critically Dry 13.24 6 16.00 11
(Less than 57%)

Drought 7.00 8.46 2
(Less than 30%)

*Water-Year-Type designations are in compliance with the Department of
Resources Bulletins 23-62 and 130-70; Average based on 1922-1971 period
23.229 MAF.

At the same time, the number of years designated in the
"modified method" as below normal (or it is better to say, sub-
normal) and critical dry years increased more than twice,
according to the total inflow classification.

Even more serious inconsistencies in evaluation water-year-
type can be found if the values of annual natural and regulated
total river inflow to the Delta is compared with the Four-River
Index wetness classification which is the background of the
planning of water development and decision-making of D1485.

One of the reasons for this is that the Four-River Index
runoff to the Sacramento Valley in historical retrospective
represents only part, in spite of its essential magnitude, of the
Sacramento-San Joaquin River watershed. Therefore, its values
are lower than they would have been if the total flow had been
taken into consideration for the classification under discussion.



Table I.10 Comparison of Different Year-Type Classification of Runoff,
4-River Index, Upstream and Total Watershed

4-River Q80
Index Runoff Onri Differences % Deviation
Runoff 807 of 1007 of
Water Qi Watershed Watershed Qnri-08C Qnri-0i
Year x1000 AF*  x1000 AF*¥ x1000Q#%x Qnri-Qi  Qnri-Q80 Qnri Qnri
1921 23,801 38,682
22 17,981 26,713 32,693 14,712 5,980 18.3 45.0
23 13,206 19,512 23,594 10,388 4,082 1743 44,0
24 5,736 7,433 8,202 2,466 769 9.4 30.0
25 15,993 22,300 26,718 10,725 4,418 16.5 40.0
26 11,765 15,331 18,495 6,730 3,164 1742 36.4
27 23,834 31,591 38,442 14,608 6,351 17.8 38.0
28 16,762 21,835 26,241 9,479 4,405 16.8 36.1
29 8,400 115382 12,895 4,495 1,513 11.7 34.8
1930 13,518 17,189 20,304 6,786 3,215 15.8 33.4
31 6,096 7,898 8,756 2,660 858 9.8 30.4
32 13,116 20,442 24,021 10,905 3,579 14.9 45.4
33 8,938 12,776 14,142 5,204 1,336 9.4 36.8
34 8,630 11,150 12,852 4,222 1..702 13.2 32.8
35 16,587 23,694 28,341 11,754 4,647 16.4 41.5
36 17,351 24,855 30,325 12,974 5,470 18.0 42 .8
37 135:331 20,442 25,118 11,787 4,676 18.6 38.9
38 31,826 44,367 56,529 24,703 12,162 215 43,7
39 8,180 11,382 12,754 4,574 1,372 10.8 35.9
1940 22,434 29,965 36,990 14,556 7,025 19.0 39.3
41 27,079 35,773 46,590 19,511 10,817 23.2 41.9
42 25,236 33,682 42,009 16,773 8,327 19.8 39.9
43 21,125 29,501 36,437 15,312 6,936 19.0 42,0
44 10,433 14,867 17,105 6,672 2,238 13.1 39.0
45 15,063 22,300 26,533 11,470 4,233 16.0 43.2
46 17,621 23,926 28,662 11,041 4,736 1643 38.5
47 10,388 14,170 16,209 5,821 2,039 12,6 35.9
48 15,754 20,674 23,708 7,954 3,034 12.8 33.5
49 11,970 16,260 19,087 7,117 2,827 14.8 373
1950 14,442 19,745 23,161 8,719 3,416 13.6 37.6
51 22,947 31,359 38,611 15,664 7,252 23, 1 40.6
52 28,600 39,257 48,775 20,175 9,518 242 41 .4
53 20,086 25,087 30,104 10,018 5,017 16.7 33.3
54 17,428 20,906 26,530 9,102 5,624 21.2 34.3
55 10,983 14,867 17,165 6,182 2,298 13.4 36.0
56 29,887 40,883 51,046 21,159 10,163 19.9 41.4
57 14,889 19,745 22,686 7,797 2,941 13.0 34.4
58 29,710 39,025 50,064 20,354 11,039 220 40.6
59 12,049 15,331 17,945 5,896 2,614 14.6 32.8



Table I.10 cont.

1960 13,057 16,493 19,131 6,074 2,638 13,8 3L
61 11,972 14,402 16,626 4,654 2,224 134 28.0
62 15;115 21,371 25,125 10,010 3,754 14.9 39.8
63 22,993 30,198 36,550 13,557 6,352 17 .4 53.9
64 10,921 14,408 16,652 5,731 2,244 13.5 34.4
65 25,663 35,076 43,125 17,462 8,049 18.7 40.5
66 12,950 17,422 20,704 7,754 3,282 15.8 37.4
67 24,059 35,076 43,537 19,478 8,461 19.4 447
68 13,640 16,957 20,311 6,671 3,354 16 .5 B2
69 26,980 39,954 52,137 25,157 12,183 23.4 48,2

1970 24,058 30,197 37,956 13,898 7,759 20.4 36.6
71 22,572 28,107 34,088 11,516 5,981 17.5 33.8
72 13,426 - 19,3591 6,165 - - 3 5
73 20,047 - 34,662 14,615 - - 42.2
74 32,495 - 50,238 17,743 - - 553
75 19,222 - 31,732 12,510 - - 39.4
76 8,266 - 11,606 3,340 - - 28.8
77 54131 - 6,756 15625 - - 24.0
78 23,807 - 48,846 25,039 - - a1 .3

Mean

1922- .

1971 17,225,000 23,145,460 28,115,620 4,970,120 17.7

Note: *Data from Municipal Water District of Southern California, 1979 Report

No. 935

**Data from "Draft Environmental Impact Report, Peripheral Canal Project,”
August, 1974, p. 111-51, (Bull. 23-62 and 130-70 with average based on
1920-1970 period; runoff = 23,229,000 acre feet).

*#*%Data from "California Central Valley Natural Flow Data," April, 1980.
Department of Water Resources, Planning Division.



I.4.2.2 Total Sacramento-San Joaquin River Inflow to .the Delta
versus the Four River Index (hydrological basis of D1475).

The Four River Index describes total flow behavior only for
the four major rivers of the Sacramentoc River watershed:; all
other middle and minor tributaries of the upper Sacramento-San
Joaquin River basin (the basis of DWR's "modified method" of
1974) as well as runoff from the Sacramento Valley floor, have
been excluded from consideration.

The comparison of these two sets of data and their
statistics for different probabilities reveals the following
(Fig. I.16):

1) There are considerably greater differences between their
runcff values (with the exception of the 1976 dry and 1977
drought years) in comparison with the first sets of runoff
fluctuations (Table I.10)

2) In 64% of the observations for the 58 years, the total
natural runoff considerably exceeded the Four River total (Table
5 9 [

Table TI.1l1 Number of years and ranges of exceedance of the
total Sacramento=-San Joagquin River inflow to the
Delta over the Four River Index

(1922-1978)
Number %
Range of of
MAF Years Total Years
1=5 8 13.8
5.1-10 19 32.8
10.1-15 18 31.0
15.1-20 7 12:1
20.1-25 4 6.9
25.1=286 2 3.4
100.0

It should be emphasized that the largest differences in the
runoff of 1969 and 1978 (Table I.10) were almost equal to the
unimpaired normal Delta outflow to the Bay (27.3 MAF) as
calculated for the same period of cbservation, and more than 30%
fofifferences constitute half of the normal natural river
inflow.

Even in the case of the drought (1977), the difference
petwegn the NRI and Four River Index was equal to 1.62 MAF which
1s slightly higher than the volume of the Delta itself.



3) In sum, it must be emphasized that for all major
categories of wetness (Fig. I.14) the negative deviations of the
Four River Runoff from the NRI is egqual to 40% on the average
(Fig. I.18). This means that any of the years of different
wetness obtained from the Four River Index runoff probability of
occurrence will correspond to years of much lower wetness if
these data are compared for the same probabilities of runoff but
obtained on the basis of its total natural (or monthly) annual
values (i.e., the NRI).

For example, the absolute values of this difference vary
between 10-27 MAF (wet and above-normal, i.e., 1, 5, 10, 25% of
probability of exceedence) and 3-15 MAF (75, 90, 95 and 99%) and
10 MAF for 50% of probability of exceedence.

To clarify our peint, it is interesting to trace how these
differences may contribute to the designation of wetness of any
year. This, in turn, is important for those concerned with water
availability for diversions and at the same time safeguarding the
Delta-Bay water needs.

The normal Four River Index mean runoff is 17.2 MAF (from
75% of the Sacramento River watershed). This implies that all
years which have natural runoff higher than that (roughly 125% of
the normal which corresponds to 21.5 MAF) are considered as wet
years (Table I.12) and their number comprises more than one third
of the total years under discussion (or 36.2%).

However, when values of runoff of all wet years of the DWR's
Four River Index (denoted as the first classification) are
compared with values of runoff for the same probabilities of wet
years of a total river infilow classification (denoted as the
second classification), then only the runoff of 1938, 1952, 1956,
1958, and 1974 (the period 1921-1978) can be considered above
normal but not as wet years (125% of 28.3 corresponds to 35.4
MAF) as far as Delta-Bay water quality and biological conditions
are concerned. .

Using the same approach, it is possible to demonstrate that
the majority of below normal (50-74% probability of occurrence)
and sub-normal (75% of normal) of the first classification
correspends to below sub-normal and critical dry years 1f the
total river inflow classification is used. But the limits of
runoff below sub-normal and critical dry years in this case are
much higher and their range is equal to 14.2-21.1 MAF and 7-14
MAF, respectively (Table I.12).

Therefore, the statistical model which incorporated the Four
River Index as a basis for the water-year-type classification is
shown to be inadequate in assessing statistically valid values of
the annual unimpaired runoff entering the Delta-estuarine
system.

These enormous differences strongly suggest the cautious use
of this classification as the basis for decisions on water
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diversions during the year.

For example, the comparison of the value of regulated total
Sacramento-San Joaquin River inflow to the Delta with the data on
flow of different probabilities obtained from the frequency curve
for the Four-River Index and for the NRI of the Sacramento-San
Joaquin River shows the following:

First. The values of regqulated river inflow when compared
with the ‘probability of occurrence of runoff of the Four-River
Index yields a higher number of years in the wet categories than
using the probability of occurrence of the total natural river
inflow. (Table I.12).

Second. As a result of the above, even under highly
regulated conditions in years like 1962, 1968 and 1978 when the
amount of diverted water (NRI-RRI) was equal to 9.0, 7.0 and 17.0
MAF, respectively (which correspond to 36, 34 and 35% diversion
of the NRI), according to the Four-River Index, the RRI of these
years may be classified as mean wet (21-27 MAF) for 1978, and
below normal (16=-17.2 MAF) for 1962 and 1968.

However, classification of the same years, according to the
ranges of wetness of the total natural Sacramento-San Jocaquin
River inflow, will place them into categories of below normal
(26-28.3 MAF) for 1978 and critical dry (14-19 MAF) for 1962 and
1978.

Third. It must be emphasized that when the Four-River Index
is used to categecrize the wetness of each year, according to the
residual values of the RRI to the Delta, it may lead to the
conclusion that there are no shortages of water for the Delta-
Bay ecosystem inasmuch as the majority of the RRI corresponds to
the Four River Index wetness characterized as years of abnormal
or high wetness.

For example, for the years 1959, 1961, 1964, 1972, 1979 and
1981, the RRI to the Delta corresponds to median and sub-normal
category of the Four-River Index classification. This may lead
to the erroneous conclusion that the riverine-estuarine system
has an adequate freshwater supply which can be used to provide
additional water diversions without any negative effect to the
system. However, for the total Sacramento-San Joaquin River
inflow system, they fall into the category of dry and critical
dry years (Table I.12).

It should be noted that this range of probability of runoff,
i.e., ranging between normal and dry vyears, is the category of
greatest interest to water developers the world over for both
short and long-term water supply planning (but not for seasonal
flood control) because statistical information on water supply
for probabilities 50-95% or even 97-99% is a crucial one for
semi-arid zones. (The runcff values which correspond to these
prcbabilities of occurrence are such that any essential changes
in annual and monthly flow due to climatological factors and
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superimposed water diversions may autcmatically transform a
normal year into a sub-normal, dry, critical dry and even drought
year.)

At the same time, the knowledge of the variability of flow
(years of different wetness) is of paramount importance to permit
the environmental specialist to predict possible ecolecgical
changes in water quality, sanitary conditions, residence time,
tolerance level of hydrophysical changes, etc. on the estuarine
environment which should be incorporated into any type of
physical or biological modeling of the riverine-estuarine system.

Fourth. If water planners rely upon water-year-type
classification based on the total natural inflow to the Delta and
Bay, then it becomes obvious that for the majority of cases there
is no excess water supply. However, under the water allocation
system based on the Four-River Index, the Delta-Bay system has
been subjected to significantly greater diversions over prolonged
periods of time (since the beginning of CVP and SWP operation).

Similarly, under the total basin classification system,
years of lower than sub-normal wetness are considered relatively
rare events. However, the San Francisco Bay ecosystem continues
to be subjected to nearly continuous conditions of sub-normal and
even lower than sub-normal wetness.

In conclusion, during the last three decades, water
planning, construction of water facilities and intensified
withdrawals have been based partially or entirely on three
different water-year-type classification systems:

1. The Sacramento River inflow to Shasta Reservoir,
accounting for 8% of the total (Bureau of Reclamation,
1965) ;

2. The Sacramento-San Joaquin upper river runoff,
comprising 80% of the total (DWR modified method,
1974), and

3. The Four-River Index, corresponding to 67% of the total

runoff to the Delta-San Francisco Bay (D1485, DWR;
SWRCB, 1978).

The use of these different classification systems raises the
following two questions:

1. What ecological principles and hydrological procedures
are utilized to develop estuarine basin water-year-type
classification systems in the San Francisco Bay system and
elsewhere?

2. From the standpoint of both balanced water development
and preservation of natural resources of the Delta-Bay ecosystem,
which classification system should be employed to guide the
balanced management of the Delta-Bay ecosystem: The Four-River
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Index or total Sacramento-San Joaquin River runoff?

In response to these questions, the choice of water-year-
type classification should not be a matter of arbitrary decisions
based on the competing interests and their single-purpose
requirements.

The choice of runoff classification should be based on the
careful analysis of historic flow patterns derived from 100% of
the river watershed. It is this total flow that makes this
estuary an estuary. The spatial and temporal distribution of
physical and chemical characteristics, diversity of organisms,
productivity, etc. are all determined by this flow.

The past, present and future of any estuarine regime depend
upon the cumulative interaction between the total freshwater
discharges and the total brackish and salty water entering from
the adjacent coastal zone, but not on the arbitrary manipulation
of their values (Ketchum, 1983; Bowden, 1967; Officer, 1976;
Pritchard, 1967; Fischer, 1979)

In this case, the acceptable levels of water withdrawals
as well as the establishment of statistically-valid ecological
criteria for the riverine-estuarine system, will be based on the
genesis of the estuary.

Hence, the water-year-type classification is only of value
for consideration of the impact of human activities on the
estuary if the integral flow from the entire watershed will be
taken into account.

In this report, we have used the year-type classification
based on the total natural river inflow/Delta outflow for the
analysis of changes of runoff variables which took place because
of upstream and Delta and total water diversions.




Table 1.12 Comparison of the Four River Index and the Combined
Sacramento-San Joaquin River Inflow Water-Year-Type
Classifications

Runoff Total
of the Sacra-
Proba- Four- mento-San
bitity Years River Number Joaquin Number
of of Index of Events River of Events
Exceedance Recurrence MAF and Years Inflow and Years
0.50.8  Wistarical - 5 (1956, 1958, 1969, 1 (1983)
Wet 1974, 1982)
1 100 38 65
Critical 5 (1965, 1967, 1970)
Wet 1980, 1984)
5 20 31 51 1 ¢1982)
Very Wet 2 (1963, 1973)
10 10 27 45
Mean Wet 4 (1971, 1973, 1975, 5 (1956, 1958, 1949,
1978) 1974, 1984)
25 4 21 35
Above Normal 5 (1963, 1965, 1967,
1970, 1980)
;crmal 1?_5 __________ 28.3 _;—F;S;E; _____________
50 2 16 5 (1957, 1962, 1966, 26 2 (1971, 1978y
1968, 1979)
{median)
Sub-Normal 7 (1959, 1960, 1961, 1 (1975)
1964, 1972, 1976,
1981)
75 4 12 19
Dry 7 (1957, 1959, 1962,
1966, 1968, 1972,
1979)
90 10 9 14
Critical Dry 5 (1960, 1961, 1964,
1976, 1981)
95 20 7 11
Drought 1 ¢1977)
99 100 5 7 1 ¢1977)



PART IT

COMPARATIVE ANALYSIS OF NATURAL AND REGULATED RUNOFF
CHARACTERISTICS OF THE SACRAMENTO-SAN JOAQUIN RIVER DELTA SYSTEM

General Remarks

Our analysis of annual runoff fluctuations, mainly for the
period 1921-78 during which three distinct cycles of wetness were
established, used the following scheme:

1. The description of general characteristics of unimpaired
and impaired annual runoff fluctuations (runoff statistics and
category of wetness):;

24 Perennial variability of regulated runoff before and
after CVP and SWP operations, including annual upstream and Delta
diversions;

3. Probability of occurrence of impaired runoff values that
would be observed under unimpaired river inflow and Delta outflow
conditions (NRI, NDO):;

4. Annual and monthly water deficit for the period 1921-83
with major emphasis on the period 1956~-78.

This information allows us to answer, in a general manner,
the following questions:

1. Were the limitations of natural water supply considered
in establishing California water development plans?

2. Is there sufficient water to justify increasing water
diversions and enlarging the capacity of conveyance facilities to
transfer more water from the Delta to any water users?

These are only the first of many questions regarding factors
that affect the hydrologic, oceanographic and biologic
characteristics of the ecosystem.

IT.1 Annual Variabilitvy of Natural and Regulated Runcff
Discharges to the Delta-San Francisco Bay System
ITalsl Runoff Statistics
The natural runoff (NRI and NDO) forming in the
Sacramento-San Joaq%in River watershed averages 28.3 and 27.7 MAF
(or 34.9and 34.2 Km”, respectively) over a 58-year period (Table
IT: 1)

The year-to-year fluctuations of regulated seasonal runoff
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repeat the same patterns as those observed with natural runoff,
but their values as well as their probability of occurrence and -
other statistical parameters, are much different (Fig. II. 1, 2,
Table II.1, Appendix 1-7 ).

Table II. 1 Statistics of the natural and regulated Sacramento-
San Joaguin River perennial inflow/Delta outflow

Range Standard
Q Q Deviation
Period MAF MAF Ccv Cs MAF

Natural River Inflow (NRI)

1921-1978 6.75~56.53 28.30 0.44 0.39 12.50

Regulated River Inflow (RRI)
1921-1978 5.57=55.76 22.12 0.:.51 0.99 11..34

Natural Delta OQutflow (NDO)

1921<1978 5.81-56.26 27.18 0.45 0.90 12.23

Regulated Delta Outflow (RDO)

1922-1982 2.53-52.97 20.41 0.54 0.95 11.02

The means of the annual natural and regulated RUNOFF varied
considerably from year to year (Figs. II, 1, 2).

The maximum and minimum volumes of annual runoff

corresponded to the quite wide range of percentage of their
normal (Qn) (Table II. 2):

Table II. 2 Maximum and minimum volumes of runoff fmillion acre-

feet)
Q Q
Ratio NRI RRI NDO RDO
Oomax of 199.38 197 .0 207.0 194.9
100% )
Qn River
Qmin of 23.8 19.7 21.4 9.3
100%
Qn Delta
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However, the mean perennial RRI (22.12 MAF) and RDO (20.41
MAF) correspond only to 78.4 and 75.1% of their normal values,
respectively (Table II. 1).

The ratio between maximum and minimum annual NRI and NDO is
equal to 8.4 and 9.7 times over, respectively: while the
equivalent ratio for RRI and RDO is equal to 10.0 and 20.9,
respectively.

The differences between these two sets of ratios (e.gq.,
natural and regulated runoff) especially feor the RDO might be
attributed to the fact that water diversions have the highest
impact on the net annual runoff to the Delta-Bay system when the
natural runoff is characterized by its low or lowest wvalues
(e.g., dry or critical dry year of wetness).

It should be emphasized that the same regularities are
typical for seasonal ratio between upstream and downstream
characteristics of natural and regulated runoff (as will be
discussed later).

In general, water withdrawals from the Sacramento-San
Joaquin Rivers system have not changed (Figs. II. 1, 2) the trend
of the annual fluctuations of runoff since their amplitude is
still governed by natural causes (rain, snowmelt). In the
majority of cases, as mentioned earlier, periods of 3-6
consecutive years of low wetness are followed by 1-2 years of
high wetness, and only two periods were observed between 1912
(Table II. 4) and 1978 (Fig. II. 1, 2) with three consecutive
years (1914-16) and four consecutive years (1940-43) of high
wetness. These years of the pre-project conditions were
influenced to a lesser extent by the water diversions than any of
the high wetness years of the post-project conditions (since
1944) .

As a result of water diversions, the years of natural low
wetness, like 1924, 1931 and 1977, are characterized by the
lowest regulated annual runoff, and at the same time, the peaks
of the highest would-be natural runoff were truncated by
regulations in about 10 to 30%. The amplitude of natural flow is
less than the amplitude of the regulated river inflow and Delta
outflow. The regulated river inflow and Delta outflow
fluctuations are similar in time, but their level of diversions
is very different.

II.1.2. Dynamics of Annual Wetness (Water-Year-Type)

The comparison of years of different wetness of natural
and regulated annual RUNOFF with the normal river inflow on the
one hand, and Delta outflow on the other, for the period 1922-
1982 shows the following peculiarities (Table II. 3).
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Table I1. 3 The number of years of different wetness in relation
to "normal" runoff - Annual

Runof f Wettest Sub-normal
Character- and and Critical
istics et Years Years ODry Years Years Dry Years Years
anri 1921, 1927, 18 1925, 1930, 11 1924, 1929, 8
1938, 1940-43, 1944, 1947, 1931, 1933,
1951, 1952, 1949, 1955, 1934, 1939,
1956, 1958, 1959, 1961, 1976, 1977
1963, 1965, 1964, 1968,
1967, 1969-70, 1972
1974, 1978,
1982
Qrri 1938, 1941-42, 9 1926, 1930, 14 1924, 1929, 16
1952, 1956, 1932, 1945, 19317, 1933,
1958, 1969, 1948, 1949, 1934, 1939,
1974, 1982 1950, 1954, 1944, 1947,
1957, 1959, ' 1955, 1940,
1962, 1966, 1961, 1984,
1968, 1979 1972, 1976,
1977, 1981
Qando 1921, 1927 18 1926, 1930, 11 1924, 1929, 3
1938, 1941-43 1944, 1947, 1931, 1933
1951, 1952, 1949, 1955, 1934, 1939
1956, 1958, 1959-61, 1964, 1976, 1977
1963, 1965, 1968, 1972
1967, 1969%9-70,
1974, 1978,
1982
Qrdo 1938, 1941, 9 1923, 1926, 11 1924, 1929, 21
1942, 1952, 1930, 1932, 1931, 193%.
1956, 1958, 1945, 1948, 1934, 1939,
1969, 1974 1950, 1954, 1944, 1947,
1982 1957, 1962, 1949, 1955,
1975 1959, 1960,
1961, 1964,
1966, 1968,
1972, 1976,
1977, 1979,
1981
Note: 1 Wettest and wWwet years - the Qnri and Qrri and Qndoc and

Qrdo of any year are 25X or more abave "normal® (28.3
and 27.2 MAF, respectively)

s Sub-normal and dry years of wetness - when the same
runoff parameters are 25X or more below "normal."

3. Critical dry years of wetness - when the Qnri, Qrri,
Ando and Qrdo are 50% or more below "normal,"

IT.4



Table II. 4 Upstream Diversions of the Sacramento and San Joaquin Rivers,

1912-1929
Natural Sacra- Upstream San Joaquin
mento River Gross Percentage Natural Upstream
Annual Inflow Diversions  of River Inflow Diversions
Year (acre feet) MAF Diversions (acre feet) MAF Z
1911-1912 12,829,400 1.100 8.6 3,868,850 2,135 53.3
1913 15,150,000 1.091 72 3,173,900 2,128 67.1
14 36,443,000 1.103 3.0 11,631,550 2.515 217
15 30,480,800 1.154 3.8 8,607,906 2.364 27 .4
16 30,037,000 1.430 4.8 11,953,000 2.546 21.3
17 20,757,600 1.563 7.5 8,816,950 2.743 31.1
18 12,687,400 1.902 15.0 5,860,546 2.600 bb 4
19 18,828,100 2.314 12.3 5,315,600 2.344 44,0
20 10,447,300 2.274 21.7 4,651,000 2,274 48.8
21 29,355,300 2.222 7.6 7,634,750 2.651 34.7
22 21,374,200 2.196 10.3 10,195,000 2.570 25,72
23 16,271,500 2.141 13.2 7,724,400 2.916 37.8
24 65,222,600 24177 35.0 2,447,550 1.831 74.8
25 20,110,100 ©2.105 10.5 7,044,850 2,725 38.8
26 15,142,6C0 2.479 16.4 4,858,600 2.684 391
27 29,467,900 2.634 8.9 8,375,330 3,157 3747
28 20,551,700 2.495 12.1 6,462,600 2.872 LL 4
29 9,600,700 2,422 24,7 4,321,000 2.752 63.6
1889-1929 24,800,000
1909-1929 20,592,000
1919-1929 17,919,700
1924-1929 19,027,300

1. Sacramento River Diverted Inflow to the Delta, Department of Public Works,

V.27, 1931

2. San Joaquin River Inflow, the same source (with addition of diversion,

returning water and consumptive use, performed by M. Rozengurt)



1. The number of the wettest and wet, sub-normal and dry,
and critical dry years of wetness of the Qnri and Qndo are equal.
This implies that under natural conditions, the water 1losses
sustained by the Delta due to evapotranspiration do not affect
noticeably enough the values of the natural Delta ocutflow to the
Bay regardless of the water year type classification.

2. However, the number of the wettest and wet, sub-normal
and dry and critical dry years of the Qrri differ significantly
in comparison with the Qnri, namely: the number of years of a
high wetness of regulated inflow decreased to half while the
number of sub-normal and critical dry years increased as much as
1.3 and 2 times.

3. Almost the same ratios characterize Qrdo vs. Qndo,
namely: the number of wet years of the RDO decreased to half;
the number of critical dry years increased as much as 1.6 times:;
while the number of sub-normal and dry years of wetness stayed
equal. ’

It is important to emphasize that the above-mentioned
differences must not be considered as the result of purely
arithmetic manipulations, but as the consequence of man's
activities superimposed upon natural alterations of years of
different wetness (or water supply from the entire river
watershed). In light of this statement, we attempt to analyze
some major features of "collaboration" between Sacramento-San
Joaquin annual natural runoff fluctuations and diversions.

First. Under natural conditions, unimpaired annual runoff
during the 58-year period fluctuated within the predominant range
of 24.5-34.5 MAF (Fig. II. 3) (approximately 56% of the total
number of observations). As can be seen, the median of 26.0 MAF
of this range is very close to the normal (see Fig. I. 17).
There are relatively even alterations of several consecutive
‘years of different wetness which had predominant duration of 2-6
years (Figs. II. 1, 2). During this period, it was not a rare
event to witness 2-4 years of sub-normal flow followed by 1-2
years of wet or close to the "normal" runcff. On the average (as
will be seen later from the 5-year running means evaluation), the
water supply to the Delta-Bay ecosystem (e.g., NRI and NDOQO)

deviated within +25-30% of the "normal" (except in 1929-34
when consecutive sub-normal and dry years resulted in a severe
water deficit). During these would-be natural conditions the

above normal years accounted for 30%, and critical dry vyears
13.1% of the total of the period from 1921-1978.

The probability of occurrence of the natural wettest (56.5
MAF; 1937-38) and driest (6.8 MAF; 1976-77) hydrological years
accounted for 2.5 and 98.4%, respectively (or not less than once
per 40 and 63 years).

In the majority of years, natural river inflow/Delta outflow
of the range 34.5-24.5 MAF corresponds to the probability of
occurrence 30-54% (or not less than once per 3.3-2.4 yvears,

II.5
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Fig. I.17). These natural conditions would have prevailed 1if
water management needs for water had not prevailed over the
river's natural water supply.

Second. However, since the beginning of the twentieth
century, water development has become the wvital feature of the
economic growth and welfare of California.

During the initial period of 1912-29, for which most of the
data are available, the annual diversions from the upper parts of
the Sacramento and San Joaquin Rivers accounted for 1.1-2.6 MAF
and 1.8-3.2 MAF respectively (Table II. 4) (Department of Public
Works, 1931). The range of diversions in percentage of the mean
for the 18-year period for the Sacramento River was 3% (1914) to
35% (1924), and for the San Joaquin River was 38% (1927) and 75%
(1924).

From this example, it can be seen why the use of percentage
values of diversions without the corresponding absolute volume of
water withdrawal, may lead to erroneous conclusions about the
possible impact of the diversions on the water supply to the
system. It is also important to note that almost the same amount
of water withdrawn at years of different wetness may represent
quite different percentages of diversions. For example, in the
wet year of 1921, 2.2 MAF (7.6%) were diverted from the
Sacramento River, almost the same amount as for the driest year
of 1924, corresponding to 35%. The San Joaquin River diversions
of 1912, 1916 and 1926 1illustrate the same peculiarities in
manipulation of percentage of water withdrawals and their
absolute volumes, i.e., the percentage of diverted water in 1916
was equal to 21.3%, while for the two other years almost the same
volumes correspond to 55.1 and 55.3% (Table II. 4).

The same amount of water diverted from annual or seasonal
runoff for years of different wetness will have a different
impact on the ecological conditions of the Delta-San Francisco
Bay ecosystem due to the fact that the residual inflow discharged
to the system after diversions in above normal, and especially in
wet years, will be equal or slightly less than the normal runoff,
while diversions performed during natural sub-normal or dry years
shift residual runoff (RRI and RDO) to the critical dry or
drought years. Hence, the residual runoff of 1924 for both
rivers can be considered as a typical example, namely, the
diversion which took place during this critical dry year left a
residual inflow which can be characterized as a drought.

It is important to emphasize that since 1919 for the
Sacramento, and since 1912 for the San Joaquin River until 1929,
almost the same amount of water has been withdrawn annually
regardless of the wetness of the year. 1In practice, beginning in
the late 1920's, San Joaquin River inflow to the Delta was
reduced to a small proportion of its unregulated flow and
Sacramento River RUNOFF provided the major contribution of water
supply to the Delta.

II.s



It is also important to note that the first significant
decline of commercial fish catch during the late 1920's was
preceded by ten to fifteen years of this diversion practice.

Third. 1In the following 49-year period (1930-78), the
intensity of water development increased markedly (Figs. II. 1,
2), and starting with the operation of Shasta Dam in 1944 and the
many subsequent facilities of the Central Valley Project (CVP)
and State Water Project (SWP), between 1944 and 1978 the two
types of water diversions have become inseparable parts of water
regulation practice in the Sacramento-San Joaquin River
watershed, namely:

l) Upstream, which include multi-purpose water accumulation
in reservoirs behind dams (flood control, power plant operations,
maintenance or navigational depths, and 1local industrial,
municipal and agricultural intakes):

2) Downstream water diversions (Delta diversions), the
primary function of which is to provide water supply for the
irrigation of the southern part of the Central Valley and Delta
agriculture through the Delta and out of the Delta conveyance
system. The Sacramento has become the major source of flow to a
portion of the mouth of the San Joaquin River through the
construction of different types of water conveyance facilities.

It should be noted that before the project operations, the
cumulative capacity of different types of small storage
facilities in the Sacramento-San Joaquin Rivers watershed was
equal to approximately 4-5 MAF; after the projects' completion,
this value reached 15-18 MAF (or 55-66% of a total combined NRI).
Such water accumulation requires partial recharging of the
reservoirs practically each year. 1In addition, many water losses
are sustained by the Delta system due to coenveyance of 2-5 and
more MAF per year from areas of origin in the north to the.
regions of major consumption in the south. Therefore, the
Delta has experienced the combined pressure of up and downstream
water diversions, and the remaining regulated Delta outflow
represents the final residual modified runoff to the San
Francisco Bay.

Ir.1.3 ITmpact of Water Dlver51ons on Annual Natural Runoff
‘Fluctuations

The percentages of upstream and downstream diversions (as
well as their absolute values) are different (Fig. II. 4 and
Tables II. 5-10). As has been said, there are two pericds of
water regulations: 1) pre-project and. 2) post-project, which
describe two different stages of water develocpment. That is why
it would be logical, here as well as in the later dlscu551on, to
underline their major differences, whose origin lies in the
increase in water withdrawals from the first to the second period
as much as 3-5 times.
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I'he monthly and annual percentage of inner Delta diversions, 1956-1984%

"

Table 11.9

Dec Jan Feb Mar Apr May June  July  Aug Sept Annual

Nov

Oct

Year

-1.6
14..2

4.6 28.2 31.5 17.7
29.0

1.2
7.2

0.5
40,2

-5.9
13.6

7.3 -9.3 3.4 4.2
-2.5

10.4

24 .4

1956

68.9  34.9

77.9

20
-3.3
8.5

-3.9
-4.0

9.2

0.1

16.1

57

3.2
18.8

38.4 44,7 25.7

732
80.0

-3.0
30.6

-6.7

9.7
13.4

11.9

58
59
60
61

60.9 25,0

77.7

4.0 4.5

7.4
13.2

22.3

27.8 62.9 80.0 76.9 49.1 22471

19.0

29.0 -5.8 -3.0 549
-4.8

41.1

24,5 36.1 65.5 85.4 69.3 49.1 2345

5.6
0.8

0.2 6.2 1,9
-8.4
-1.2

46.3

22,7 39.7 76.2 63.1 138.4 16.2

13.9

6.2 6.0
-6.0

1.6
6.0

-2.5
-2.3

7.9

12,5

50.0

62

25.7 60.5 63.0 32.5 8.1
22.7

7.5
36.6

0.5
15:6

1.2
21.0

63

4.8  65.2 38.1

54.4

3542

9.5

-2.5
-1.5
-1.2

-2.1

0.5

64

7.2
17.7

13.7 29.7 60.8 49.2 28.9

1.5
19.5

o
11..2

24>

31.1 5.6

65

72.1  73.6 65.4 44.2

3504

0.6
-3.5

21.9

66
67

5.5

1.7  14.2 39.3 23.2
21.1

8.3
55.3 -180.0

10.2

1.2
41.8

3.9

11.4

-8.0

38.1

63.7 57.6

72.5
38.5

6.7 -1.1 -1.9
-5.5
-4.3

10.0

19.1

68
69
70
71

8.6
11.0

12.2
14.2

43.2

111

9.8
35.2

o

1.2
2.9

6.1
13.0

7.6
3.5
2.8

31.5

59.2

38.8 57.7 65.0 52.6 27.6

7.8

14.8
31.7

8.3
-10.0

14.5

12.3  20.2 30.4 48.6 45.4 23.8

245
11.8

23.5

62.3 78.6 60.0 60.4 41.0 34.4

48.7

7.0
14.4

21.3

29.4

72

71.7 66,1  41.0 14.2

59.8
41.7

43.7

19.1

3.4
~70.2

-9.3

1.1
3.8

23.7

1.0
4.5
122

36..7

73
74
75
76
77
78

B.l
29.8

51.6 25.9
52.3

61.2

28.8

4.4
28.7

2.2

23.8

o
10.7

30.0

29.0 51.1 64.3 48.0

28.7

30.3

23.6

39.6 33.7 47.3 52.4 57.0 45.7 65.9 64.0 66.5 73.7 79.0

46.3

57.5
19.7

40.0 52.0 60.0 44.4 57.2 50.8 49.3 64.5 62.5 68.9 59.0
44.6

60.0

55.6 75.8 68.7 43.7

9.4
39.0

37
32.9

3.4
8.5
3.9
9.5
7.2

6.6 11.8
-0.2

0.8
2.3

21..3

32::2

55.8

70.5 80.2 70.2 31 .8

65.4

Lid
323

33.5  46.2
24.8

42.1

79
80
81

24,2 39,5 48.8 75.3 51.0 157

17.2

33.0  21.7

51.2

43,0 62.9 68.2 80.6 66.8 42.4

42 .4

54.7 33

53.6

12.7 20.9 32.6 46.9 18.3 10.4

4.8
3.0

38.0

8.0
4.0
11.3

5,9 0.4

6.9

8.6
8.4

3.5

54.3

82

6.4
13.4

10.8 17.9 30.8 16.1

4.2
42,7

7.4
2.4

20.2

57.4 61.6 36.1

55:.2

17.1

10.7

84

The negative values denote gainings.

100.

RRI-RDO

Calculated as

-
®

*NOTE

RRI
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IT.1.3.1 Pre-Proiject Period (1921-1943)
RRI, Regulated River Inflow

. The predominant range of upstream diversions in percentage
was 15-25%, with a maximum of 34% which corresponds to 2.96 MAF
(1931 - critical dry year), while the highest volume of 7.5 MAF
was diverted in 1927, (but only 20% of the mean natural inflow)
following 1926, a year of sub-normal wetness of 18.5 MAF. The
minimum upstream diversion of 0.8 MAF which corresponds to 1.3%
of the NRI of 1938, the wettest year. The predominant range of
volumes of upstream diversions was 3.5-4.5 MAF (Fig. II. 4A).

Pre-Project Period
DO

Requlated Delta OQutflow

The predominant range of total diversions and withdrawals in
percentage was 15-25% (Fig. II. 4B), with a maximum of 39% (1931)
corresponding to 3.37 MAF, and minimum of 5.1% (1941-wet year).
However, the maximum volume of the total Delta diversions was 7.4
MAF (32% of the mean of 1932) and minimum 2.4 MAF (only 5.1% of
the mean of 1941). The predominant volumes of total diversions
ranged between 4.5-5.5 MAF.

The maximum of Delta diversions of 2.6 MAF was documented in
1938. At the same time, several increases in water supply to the
Delta were observed, (presumably due to local releases) the
highest of which, 1.8 MAF, took place in 1927. The predominant
volume of inner Delta diversions ranged between 0.3-0.8 MAF
(Fig. II. 4Q).

In sum, the total water regqulation of this period (upstream,
i.e., above the Delta, downstream, i.e., Central Valley floor,
and inner Delta) may be characterized as moderate with the
exception of the critical dry period of 1929-34.

The typical feature of the pre-project period was that
upstream water withdrawals in many instances were 5-15 times
higher than the inner Delta diversions. This implies that water
development in the Central Valley became the major factor, even
before the CVP and SWP operation, in the progressive decline in
to the Delta.

The outstanding hydrological features of this period were
the historic natural droughts of 1924 and 1931, which were
exacerbated by massive upstream and downstream diversions of 2.6-
2.96 MAF, which constitute 32 and 34% of the average annual NRI,
respectively, or in sum with the Delta consumptive use (including
diversions) of 0.82 and 0.97 MAF, the total decline of the NDO
corresponds to 50 and 53% of its average of 6.9 and 7.5 MAF,
respectively.

In addition, due to total diversions, the annual NDO of
three years, 1933, 1934 and 1939, was transformed from the

IT.8



category of sub-normal and dry years into RDO of the drought
years category.

In reports describing the period of the 1920's and early
1930's, the increased salt intrusion into the Delta and
salinization of the water body of the western Delta were
considered in relation to water diversions (Dept. of Public
Works, 1931). It was predicted that continuation of such
practices would result in inevitable losses in water quality,
decreased water supply for different water users, and threats to
the entire Delta ecosystem (Department of Public Works, 1928).

IT.1.3.2 Post-Project Period (1944-1983)

RRI, Regulated River Inflow

This peried is characterized by the increase in absolute and
relative values of annual water diversions resulting from
intensified construction and subsequent operation of water
storage and conveyance facilities. During this period, the
Central Valley and State Water Projects began and approached
completion by 1955 and 1973, respectively. The predominant
range of upstream diversions of 5-7 MAF (Table II. 6) was as much
as 1l.4-1.5 times higher than the wupstream diversions of the
preceding period of 1921-1943.

In relative wvalues, the predominant range of upstream
diversions increased to 25-35% (Figs II. 4A), maximum of 38%
(1978) and minimum of 12% (1977) (Table II. 8). The .cp3
corresponding volumes of water diverted in these years were 16.2
MAF and 0.8 MAF.

Such an unprecedented increase of upstream diversion in 1978
may be explained because the two previous years were critical dry
and drought, therefore, the water storage reserves were
exhausted. In addition, during years when new dams or water
facilities were put into operation like 1956, 1962 and 1965 (Fig.
II. 1), which had high flows but were preceded by years of sub-
normal wetness, the upstream diversion was very high, 11.0, 8.7
and 11.5 MAF, respectively, which represented 21.5, 34.6 and
26.6% of their natural river inflow to the Delta. It should be
noted that the high values of upstream diversion ranging from 11=-
16.2 MAF constitute 39-57% of the normal combined river inflow to
the Delta, and that these values do not include Delta diversions
which coincidentally may be, as will be seen later, very high.

Post-Project Period (1944-1983)
RDO, Regulated Delta CQutflow

The predominant range of ;g;g; annual water diversions (Fig.
II. 4B) was increased to 30-40% for this period (Table IT. 10),
with a maximum of 56.4% (1977, drought year) and minimum of 13.6%
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(1952-abnormal (wet) year). In absolute values, predominant
range of diversions was 6-12 MAF.

Therefore, the post-period range of the total annual
diversions increased in comparison with the pre-project period as
much as 1.3-1.8 times. Moreover, during 15 out of 28 years, the
total diversions were higher than permissible entitlement for
water of 9.0-9.2 MAF for both the CVP and SWP by as much as 1.2-
1.8 times (Table II. 7, excluding 1978).

The distinct feature of Delta diversion of this period is
the scale and capacity of many installations in order to pump out
water from the Delta. The gradual implementation of numerous
water conveyance facilities in and out of the Delta (Cross-Delta
Canal, Delta Pumping Plant, SWP, capacity of 6,200 cfs; Bureau of
Reclamation's Tracy Pumping Plant, capacity of 4,600 cfs, and
many small, local pumping facilities) to provide water for
mainly agricultural needs in the San Joaquin River Valley as well
as in the Delta resulted in an unprecedented growth of the Delta
diversions. For example, the predominant range of Delta
diversion 0.5-0.8 MAF (1944-1955) was replaced by 2.0=3.0 MAF
between 1957-1968 and 3.5-6.0 MAF in 1969-1984.

Therefore, since the late 1950's and up to 1984 the Delta
diversions increased several times and reached the scale which
was an order of magnitude higher than those occurring during the
pre-project period of water development.

More to the point, in some years the annual volume of
conveyed waters was more than 1.5 times higher than would-be
normal San Joaquin River runoff. For example, in 1975 (a wet
year) annual Delta diversions attained the highest value on
record, i.e., 7.4 MAF (30% from RRI). This volume is 5.8 times
higher than Delta volume itself. In addition, there have been
many other times during the last 15 years when volumes of annual
Delta diversions were 2-4 times higher than the Delta volume.

This water development is said (in numerous publications and
reports) to be responsible for salt intrusion and salinization of
the Delta water. There are no doubts that this assumption is
adequate. Besides, the more water will be siphoned off from the
Delta the more likely substantial salinization of the Delta will
occur (Lauff, 1967; Officer, 1976).

(The cause of brackish or salt water penetration to the
Delta of any rivers is explained on the one hand by reduction of
runoff and on the other hand by development of strong entrainment
drag-along effect of artificial flow inside the Delta, which suck
in intermediate brackish water to the surface in direction of
flow that results in salinization of Delta waters.)

We would like to stress that in the case of 1975, the sum of
the upstream of 6.9 MAF (22% from NRI) and Delta diversion of 7.4
MAF managed to shift the natural category of this vear from wet
to the lower than subnormal (44% from NDO). This is a typical
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example of the role of diversion on wetness of the year.

The greatest volume of water diversions for the entire 58-
year period, 21.4 MAF, took place in 1978 (fortunately a wet year
which was preceded by two successive very dry years, 1976 -
critical dry, and 1977 - drought). This water was used to
recharge depleted reservoirs and satisfy other demands for water.

It is interesting to notice that this historic withdrawal,
unseen for the entire period of water development (Fig. II. 4B),
whose volume almost equaled the would-be natural sub-normal
annual Delta discharges to the Bay, represented only 50% of the
mean NDO of that year. Meanwhile, the total water withdrawals in
the 1977-drought year were equal to only 4.2 MAF, but 76% of the
NDO. There is speculation that this drought (1977) and the
preceding critical dry year, exacerbated by diversions,
especially inner Delta (6.7 MAF or 50.3% of the RRI of 1976), may
have played a dramatic role in the almost steady decline in the
striped bass population and catch and other biological species
for the feollowing six years which had not been documented before
this event.

It is important to emphasize that the RDO for 1976 and 1977
of 6.5 and 2.5 MAF, respectively, corresponded to the probability
of exceedance of the would-be normal Delta outflow to the Bay of
99% (once in 100 years) and as to 1977, it was beyond the limit

of the theoretical frequency curve of the NDO (Table II. 11). In
other words, it may have a recurrence interval of at least once
per several hundred years. Meanwhile, the value of would-be

natural Delta outflow for these years corresponded approximately
to a recurrence of one time in 23-25 years (1976) and one time in
100 years (1977), which by themselves are very rare events
(Table II. 11).

Hence, the diversion in critical dry years not only
exacerbates the water deficit in the Delta-Bay ecosystem, but
also results in shifting of years of critical wetness to the
category of drought.

Evidently, for years of wetness like 1976 and 1977, the
upstream water storages are not capable of providing a level of
emergency discharges capable of mitigating the detrimental
influence of the natural deficit in water supply on the
environment of the riverine-estuarine system.

It is important to emphasize again that as a rule, the sub-
normal and critical years of wetness are characterized by having
the highest proportion of their flows diverted for out-of-basin
uses, although the amount of water transferred for different
users may be much less than the amount of water withdrawn for
years of normal or above normal wetness. However, when the needs
of agricultural and other users are high following several
consecutive sub-normal or dry years, e.g., 1977, even a low
proportion of water diverted may have a major impact on the
regime characteristics of the Bay, especially in the Delta-Suisun
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Bay because:

1) The residual flow, which would correspond to the natural
outflow conditions of 97-99% of probability or a recurrence
interval of not less than once in 33 or even in 100 years, is too
little to repel salt intrusion or to prevent salinity increases
in the system which have been observed several times since the
1920's;

2) The value of residual flow is nearly equal to the losses
sustained by the system due to differences between precipitation
and evaporation over the San Francisco Bay, and

3) This reduced volume of residual flow 1is comparable to
the volume of the Delta and therefore cannot provide adequate
flushing and circulation for the Delta and the Bay.

Summary.

Gradual substantial annual increases of upstream, downstream
and total diversions during post-project period (1944-1983) in
comparison with the pre-project period (1921-43) have resulted in
significant modification of the Sacramento-San Joaquin river
water supply to the Delta-Bay estuarine system:

1. The number of subnormal, dry and critical dry years of
RRI and RDO increased 1.3-2 times, while the number of wet and
normal years in comparison with NRI and NDO decreased by half.

2. As a result, the San Francisco Bay ecosystem has
experienced a chronic deficit in water supply, particularly for
years of normal and subnormal and critical natural water supply.

3. The predominant range of annual upstream Delta and total
water diversion since the 1960's (up to 1983) was 20-30%, 20-45%
and 35-52%, respectively.

4, The predominant range of absolute values of upstrean,
Delta and total diversions was 6-12, 4-6 and 9-13 MAF,
respectively.

5. As a general rule, the highest percentage of diversions
before and after CVP and SWP completion occurred in years of sub-
normal and critical dry categories of wetness.

6. The highest volume water was diverted in wet and normal
years following years of subnormal or low wetness.

7. In general, the persistent increases in annual upstream,
downstream and total water diversions from the Sacramento-San
Joaquin river system (which are many times higher, that those
documented for the pre-project period) support the assumption
that the entitlement of different water users has been the factor
governing the management of this system. It is our contention
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that in order to maintain the health of the Delta-Bay system,
decisions regarding water diversions should be based on the
natural limits of the water resources and wetness of the year

(for a series of years) based upon data on past and present flow
regimes.
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IT.2 Seasonal Variability of Natural and Requlated Runoff
Discharges to the Delta-San Francisco Bay System

The major features of temporal variations of runoff patterns
for the pre- and post-project periods can be described and
summarized through comparison of the natural and regulated flow
values for typical years, like wet, normal, dry and critical dry
years.

To make a comparison between impaired and unimpaired values
of runoff for each month of the year of the period 1922-1983
easily understandable and uniform, we used the following scheme:

1. The mean value of runoff for each meonth relates to the
statistical parameters of runoff to have their values designated
to corresponding years of wetness.

2. The dynamics of runcff withdrawals are analyzed for each
month separately and their residual (regulated) values for pre-
and post-project conditions are compared with statistical
characteristics of the would-be natural total Sacramento-San
Joaquin River inflow to the Delta and Delta outflow to the Bay
for the same month.

3. The 1latter comparisons allow us to obtain the
statistical meaning (probability of occurrence) of the observed
regulated flow characteristics and therefore to emphasize the
possibility of their recurrence as if they were part of the
natural (unimpaired) runoff.

4. A special section is devoted to the estimation of the
cumulative losses or gains sustained by the system because of
upstream and downstream water diversions and withdrawals (the
word "losses" describes qualitatively as well as quantitatively
the amount of water which was taken out of the system for any
reasonable needs) for each month and year for the periocd 1922-
1983.

II.2.1 Monthly Runoff Distribution

Unimpaired river flow is at its highest from January through
May, while minimum flows occur in August through October (Fig.
IT: 5), reflecting seasonal rainfall and snowmelt (usually
reaching peak level during April-May) patterns. The observed
seasonal average trend in flow patterns may deviate slightly
from the predominant intra-annual distribution if abnormal wet
and dry years occur.

In general, surface water supply to the riverbed is the
result of the complex interaction of different climatological and
geomorphological factors of the entire watershed, i.e., from the
highest mountain elevation to flocdplain characteristics.
Therefore, when large-scale modification of the river drainage
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network takes place (storage facilities, dams, water conveyance
systems, etc.) it is logical to expect inevitable changes to
occur in the environment of the river and adjacent basin. The
first and most conspicuous changes are those affecting the
hydrology of the river watershed, i.e., intensity of seasonal
fluctuations (amplitudes), their duration and values, etc.

About 53%* of runoff occurs in spring (March through June,
although in some classifications, March is considered the last
month of winter), 36% in winter (December, January, February), 4%
in the summer (July, August) and 7% in autumn (September,
October, November).

The average duration of flooding is four months (usually
February, March, April and May), although during years of low
wetness this period may be two months shorter.

The intra-annual amplitude of NRI/NDO (Tables II. 12, 13,
Figs. II. 5, 6) is very high and has almost the same range of
0.2-14.7 MAF**, therefore, the ratio between these values is 73.5
times. :

The maximum amplitudes of runoff are typical for January
(0.6-14.7 MAF). The monthly maximum value of runoff during
January is the highest in comparison with the observed maximum
for the spring. '

The minimum natural amplitudes are typical for August and
September and also have the lowest monthly values of runoff.

The upstream and downstream runoff regulation has truncated
the highest values of seasonal runoff and therefore reduced the
monthly  amplitude (Tables II. 12, 13) with the exception of
August, September, October). As a result, the intra-annual
variables of regulated river inflow/Delta outflow are
characterized by much lower values of mean monthly maximum and
mean monthly minimum runoff during the spring (Figs. II. 5, 6).

The mean values of RRI for the spring are 72% for April, and
for May and June, only 54 and 55% of their corresponding normal
for the periods in question (Table II. 12).

The mean value of RDO for April is 70%, but for May and June
only 51 and 48%, respectively.

This significant mean reduction of runoff, which was higher
for some years during the spring (as we see 1later) is
attributable to post-project water development.

*These percentages are based on means of various parameters for
the entire 1921-78 period.August, September and October) .

**From here on all runoff values in the text are rounded up.
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Tablet1, 12 Mean monthly values of the Sacramento-San Joaquin natural and
regulated runoff (MAF), 1921-1978

Month Qnri Qrri Qndo Qrdo
October 0.58 0.76 0.46 0..56
November 1.14 1.06 1.25 0.97
December 2.44 2.09 2.52 2:03
January 3.35 3.14 3.54 3.14
February 3.84 3:63 392 3:353
March 385 3.26 - 3.89 3258
April 4.14 3.00 4.10 2.85
May 4.26 2.32 4.15 241l
June 2,65 1.45 2.51 1+29
July 1.04 0.69 0.83 0.35
August 0.54 0.61 0,32 0.24

September G.45 0.71 0.30 0.45



Table .13 Monthly range of mean natural and regulated runoff of the
Sacramento-San Joaquin River system (in million acre feet),

1921-1978
Month Qori Orri (Qndo Qrdo
October 0.32- 3.29 0.29- 2.73 0.22- 3.37 0.13- 2.70
November 0.34- 6.04 0.36- 4.16 0.29- 6.15 0.22- 4.32
December 0.40-12.67 0.52- 7.97 0.26-13.03 0.26- 8.30
January 0.56-14 .44 0.62-11.62  0,58-14.73 0.27-11.90

February 0.53-10.92 0.49-10,40 0.53-11.23 0.27-10.3

March 0.63-11.08 0.44-11.60 0.64-11.25 0.19-11.92
April 0.77- 8.80 0.37- 8.96 0.69- 8.86 0.18- 9.23
May 1.01- 8.79 0.29- 7.34 0.9~ 8.67 0.23- 6.92
June 0.47- 6.31 0.11- 4.96 0.33- 6.19 0.00- 4.80
July 0.32- 2.93 0.00- 1.68 0.11- 2.72 0.00- 1.44
August 0.28- 0.9%4 0.04- 1.60 0.06- 0.73 0.00- 0.82

September 0.27- 0.83 0.18- 1.89 0.11- 0.68 0.03- 1.54

Note: 1. Qrdo for the period of. 1922-1982,
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It is interesting to note that almost the same percentage of
reduction of the natural spring runoff (vital for sustaining the
diversity of estuarine living and non-living resources) has taken
place in many other areas of the Northern Hemisphere (Baydin,
1980) .

It should be emphasized that there have been sharp increases
in values of mean monthly RRI and RDO during late summer and fall
since the 1960's which can be considered as a result of returning
water discharges from the agricultural drainage network as well
as from, presumably, storage releases to reduce the concentration
of chemical pollutants.

For example, the maximum RRI increased over maximum NRI of
70% and 128% in August and September, respectively, while maximum
RDO increased over NDO 12% and 126%, respectively.

The impact of water development on intra-annual runoff
fluctuation may be seen from several examples of years of
different wetness before and after project operations

IT.2.2 Seasonal Dynamics of Wetness under Natural and
Requlated Runoff

Winter

This season is of paramount importance in terms of
providing water supply for the river-Delta-estuary ecosystem for
the rest of the hydrological year. The runoff from this period
(including March) constitutes more than 50% of the total for the
year, with the highest range of runoff fluctuations between 2 and
14 MAF, but under relatively normal conditions the runoff may be
distributed almost evenly between December and February. Hence,
when significant withdrawals take place during these months (20-
40% of NDO), particularly to recharge the storage facilities, the
impact of this action on the Delta-Bay environment in combination
with the diversions of 40-85% of incoming spring runoff may
exacerbate the water deficit in months to come.

Tables II. 14-17 illustrate the modification of runoff
resulting in the transformation of years of high wetness into
sub-normal or even critical dry, as we will see for some months
of the hydrological year. For winter, there are several common
and diverse features related to the changes in frequency of
occurrence in number of years of different wetness for the period
1921-78 due to upstream withdrawals.

First, water regulation had almost no effect on the number
of sub-normal and dry months of December and January. T

addition, the number of wet months of January remained almost the
same.

IT.18



Table TI.14

The number of years of different wetness in relation to
"normal" monthly runoff - December

Runoff Wettest Sub-normal
Character- and and Critical
istics Wet Years Years Dry Years Years Dry Years Years
Qnri 192%, 1923, 1922, 1928, 9 1924, 1925, 1926 25
1938, 1941, 1934, 1947 1929, 1931, 1933,
1942, 1946, 1955, 1961, 1935, 1936, 1937,
1951, 1952, 1962, 1966, 1939, 1940, 1944,
1956, 1965, 1972 1948, 1949, 1950,
1967, 1970, 1954, 1957, 1959,
1971, 1974 1960, 1964, 1968,
1972, 1975, 1976,
1977
Qrri 1938, 1946, 1932, 1943, 11 1924, 1925, 1926, 2.4
1951, 1956, 1947, 1955, 1928, 1929, 1931,
1960, 1971, 1958, 1963, 1633, 1934, 1935,
1974 1964, 1966, 1936, 1937, 1939,
1973, 1975, 1940, 1944, 1947,
1976 1949, 1950, 1954,
1957, 1959, 1960,
1961, 1962, 1969,
1972, 1977, 1978
Qndo 1923, 1924, 1922, 1925, 12 1924, 1929, 1931, 21
1638, 1941, 1928, 1934, 1933, 1936, 1937,
1942, 1946, 1944, 1945, 1939, 1940, 1944,
1951, 952, 1947, 1955, 1948, 1949, 1950,
1956, 1965, 1961, 1962, 1954, 1957, 1959,
1967, 1970, 1966, 1972 1960, 1964, 1968,
1971, 1974 1975, 1976, 1977
Qrdo 1938, 1941, 1622, 1928, 11 1924, 1926, 1929, 24
1942, 1946, 1932, 1943, 1931, 1933, 1934,
1951 ;- 1956, 1945, 1947, 1935, 1936, 1937,
1965, 1967, 1964, 1969, 1939, 1940, 1944,
1961, 1974 1972, 1973, 1948, 1950, 1934,
1975 1957, 1959, 1960,
1961, 1962, 1968,
1976, 1977, 1978
Note: Wettest and wet years - the Qnri and Qrri and Qndo and Qrdo of

any year are 257 or more above "normal™ (2.44 and 2.52 MAF,
respectively)

Sub-normal and dry years of wetness - when the same runoff
parameters are 257 or more below "normal.”

Critical dry years of wetness - when the Qnri, Qrri, Qndo and

Qrdo are 3507

or more below "normal."



Table II.15

The number of years of different wetness in relation to

"normal” monthly runoff - January

Runoff Wettest Sub-normal
Character-  and and Critical
istics Wet Years Years Dry Years Years Dry Years Years
Qnri 1921, 1936, 16 1923, 1928, 13 1922, 1924, 1926, 20
1940-43, 1951, 1930, 1932, 1929, 1631, 1933,
1952, 1953, 1934, 1945, 1937, 1939, 1944,
1956, 1965, 1948, 1950, 1845, 1947, 1949,
1967, 1969-70, 1955, 1963, 1957, 1960, 1961,
1973, 1974, 1964, 1968, 1962, 1972, 1975,
1978 1972, 1976, 1977
Qrri 1941, 1942 13 1927, 1930, 10 1924, 1926, 1928, 20
1943, 1946, 1932, 1934, 1929, 1931, 1933,
1951, 1952, 1935, 1949, 1937, 1939, 1944,
1953, 1956, 1954, 1958, 1945, 1946, 1949,
1965, 1969, 1959, 1966 1955, 1957, 1960,
1970, 1973, 1964, 1968, 1972,
1974 1975, 1977
Qndo 1621, 1936, 16 1923, 1928, 12 1922, 1924, 1925, 21
1940, 1941-43, 1930, 1932, 1926, 1929, 1931,
1951 19524 1634, 1938, 1933, 1937, 1939,
1953, 1965, 1948, 1950, 1944, 1945, 1947,
1967, 1969-70, 1955, 1963, 1649, 1957, 1960,
1973, 1974, 1964, 1968 1961, 1962, 1972,
1978 1975, 1976, 1977
Qrdo 1941, 1942, 14 1922, 1928, 10 1924, 1925, 1926, 22
1943, 1946, 1930, 1932, 1929, 1931, 1933,
1949, 1951, 1934, 1950, 1937, 1939, 1944,
1952, 1953, 1954, 1955, 1945, 1947, 1948,
1956, 1965, 1956, 1964 1949, 1957, 1960,
1969, 1970, 1961, 1962, 1963,
1973, 1974 1968, 1972, 1975,
1976, 1977
Note: Wettest and wet years - the Quri and Qrri and Qndo and Qrdo of

any year are 25% or more above "normal” (3.35 and 3.54 MAF,

respectively)

Sub-normal and dry years of wetness - when the same runoff

parameters are 257 or more below "normal."

Critical dry years of wetness - when the Qnri, Qrri, Qndo and

Qrdo are 50% or more below "normal."



Table II.16 The number of years of different wetness in relation to
"normal" monthly runoff - February

Runoff Wettest Sub-normal
Character- and and Critical
istics Wet Years Years Dry Years Years Dry Years Years
Qnri 1925, 1927, 17 1928, 1930, 13 1923, 1924, 13
1936, 1938, 1932, 1934, 1929, 1931,
1940, 1941, 1935, 1944, 1933, 1939,
1942, 1945, 1947, 1953, ‘ 1946, 1948,
1952, 1936, 1955, 1961, 1949, 1955,
1958, 1962, 1971, 1972, 1964, 1976,
1963, 1968, 1974 1977
1969, 1973,
1978
Qrri 1925, 1927, 15 1928, 1932, 9 1924, 1929, 1930, 22
1936, 1938, 1950, 1959, 1931, 1933, 1934,
1540, 1941-42, 1960, 1961, 1935, 1939, 1944,
1951, 1952, 1965, 1968, 1946, 1947, 1948,
1956, 1957, 1975 1949, 1953, 1955,
1963, 1969, 1957, 1964, 1966,
1970, 1973 1971, 1972, 1976,
1977
Qndo 1925, 1927, 15 1928, 1930, 11 1923, 1924, 13
1936, 1938, 1932, 1934, 1929, 1931,
1840, 1941, 1935, 1944, 1933, 1939,
1942, 1945, 1961, 1966, 1946, 1948,
1952, 1956, 1971, 1972, 1949, 1955,
1962, 1963, 1974 1964, 1976,
1969, 1973, 1977
1978
Qrdo 1925, 1927, 13 1928, 1932, 8 1923, 1924, 1929, 21
1936, 1938, 1950, 1960, 1930, 1931, 1933,
1940, 1941, 1961, 1968, 1934, 1935, 1939,
1852, 1956, 1975, 1978 1946, 1947, 1948,
1958, 1963, 1949, 1955, 1957,
1969, 1970, 1964, 1966, 1971,
1973 1972, 1976, 1977
Notes l. Wettest and wet years - the Qnri and Qrri and Qndo and Qrdo of
any year are 257 or more above "normal” (3.84 and 3.89 MAF,
respectively)

2. Sub-normal and dry years of wetness - when the same runoff
parameters are 25% or more below "normal."”

3. Critical dry years of wetness - when the Cnri, Qrri, Qndo and
Qrdo are 50% or more below "normal."



Table II.17 The number of years of different wetness in relation to
"normal" monthly runoff - March

Runoff Wettest Sub-normal
Character-  and and Critical
istics Wet Years Years Dry Years Years Dry Years Years
Qnri 1921, 1928, 13 1925, 1926, 14 1923, 1924, 3
1938, 1940, 1933, 1934, 1929, 1931,
1941, 1943, 1939, 1944, 1855, 1964,
1952, 19358, 1945, 1946, 1976, 1977
1967, 1969, 1948, 1953,
1974, 1975, 1959, 1961,
1978 1963, 1965
Qrri 1938, 1940, 6 1925, 1932, 10 1924, 1926, 19
1941, 1943, 1935, 1942, 1929, 1931,
1958, 1969 1944, 1945, 1933, 1934,
1946, 1947, 1939, 19438,
1948, 1953, 1953, 1955,
1959, 1961,
1963, 1964,
1965, 1966,
1972, 1976,
1977
Qndo 1921, 1927, 15 1925, 1926, 13 1923, 1924, 8
1928, 1937, 1933, 1934, 1929, 1931,
1938, 1940, 1939, 1944, 1955, 1964,
1941, 1943, 1946, 1948, 1976, 1977
1952, 1938, 1953, 1959,
1967, 1969, 1961, 1963,
1974, 1975, 1965
1978
Qrdo 1927, 1938, 9 1925, 1932, 11 1923, 1924, 1926, 20
1940, 1941, 1944, 1945, 1929, 1931, 1933,
1943, 1952, 1946, 1947, 1934, 1941, 1948,
1958, 1969, 1950, 1960, 1953, 1955, 1961,
1978 1962, 1968, 1963, 1964, 1965,
1975 1966, 1971, 1972,
1976, 1977
Note: 1. Wettest and wet years - the Qnri and Qrri and Qndo and Qrdo of
any year are 257 or more above 'mormal” (3.85 and 3.89 MAF,
respectively)

2. Sub-normal and dry years of wetness — when the same runoff
parameters are 257 or more below "normal."

3. Critical dry years of wetness - when the Qnri, Qrri, Qndo and
Qrdo are 50% or more below "normal."
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Second, however, the number of wet months of December and
especially March under natural and regulated conditions are quite
different. The number of years of this category for RRI and RDO
for December and March was reduced up to two times.

At the same time, the number of critical dry months of
February and especially March for RRI increased more than two
times, and therefore these last two months of winter (which are
characterized by relatively high precipitation, the lack of
evapotranspiration and the beginning of snowmelt) were subjected
to conditions of flow formation which were much less favorable in
terms of water supply to the estuarine system, particularly when
considered in conjunction with the subsequent precipitous
reduction of spring runoff.

These changes are graphically depicted 1in the histograms
of monthly natural and regulated flow distribution (Figs. II. 8,
9) .

The persistent features of these figures are:

1. The reduction of frequency of occurrence of the highest
runoff;

2. Truncation of the highest wvalues of runoff that were
typical for the natural runoff distribution; and

3 The shift of the frequencies from the scale of high
ranges (NRI and NDO) to very low ranges of river
inflow/Delta outflow (RRI and RDO).

Overall, the frequency of occurrence of RRI and RDO within
the ranges corresponding to sub-normal conditions of wetness,
increased more than 1.5 times. This implies that the system
received less fresh water than would be needed to flush out
natural and anthropogenic wastes and salt (which may have
accumulated from the previous year or years, particularly of sub-
normal wetness).

SPRING

1. Under natural conditions, the distribution of months of
different wetness for NRI and NDO are approximately the same
(Tables II. 18-20).

2. With water regulation, the number of the wettest, wet
and sub-normal years were reduced, but the number of springs with
dry and critical dry RRI and RDO increased in such proportion as
to suggest that we are dealing, in effect, with a new river
system. This means that not only have the numbers of spring
months in each category of wetness changed dramatically since
project operations began, but also that the absolute values of
spring residual runoff remaining after upstream and downstream
diversions reached a point almost never observed in the
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historical past.

B The most significant changes in the number of
occurrences was for wet and critical dry years. For example, the
number of wettest and wet months of April (Table II. 18) was
reduced as much as 1.7-2.5 times under regulated conditions
(i.e., RRI and RDO versus NRI and NDO), but for May and June the
reduction in the numbers of wet and wettest months is 5.3-8 times
and 3.6-5.7 times, respectively (Tables II. 19, 20).

At the same time, there were no significant changes in the
number of sub-normal and dry years.

However, the number of critical dry months of April, May and
June increased as much as 5.2-5.4, 3.5-3.7, and 2.2-2.4 times,
respectively.

These ratios demonstrate that since the water diversions
were intensified, which coincided in some years with the natural
low wetness discussed earlier, the system has experienced a water
supply deficit.

This shift in hydrological regime of the rivers from
predominantly above normal and normal months to sub-normal and
critical dry months for would-be natural runoff is well
illustrated in Figs. II. 10, 11.

These figures show that this type of monthly shift
predominantly natural runoff surplus ranges to regulated runoff
ranges, can be characterized as conditions of deficit.

It is important to stress that this runoff redistribution is
typical for many rivers located in semi-arid zones of the
Northern Hemisphere which are under water regulation. It should
a2lso be emphasized that the impact of water supply redistribution
and reduction has a similar pronounced effect on living and non-
living resources of estuarine and coastal zone systems regardless
of where they are. This is especially true for many rivers, like
the Sacramento-San Joaquin, whose late winter-spring runoff
usually accounts for 40-65% of their annual mean runoff, and
therefore, an essential part of it is used for surface and ground
water storage recharges, conveyance to other areas and local
consumption.

It is interesting to note that as a rule, 30-85% of the
natural spring runoff is diverted each year in many areas of the
globe, despite the fact that spring runoff is the most vital part
of any riverine-estuarine environment. It brings to the system
more than 60% of the annual sediment lcad, more than 70% of
organic and inorganic matter, provides for oxygen enrichment and
flushing of the natural and man-induced wastes, and is entirely
responsible for the estuarine salinity regime of the subsequent
months of the vyear. As such, the spring runoff defines the
productivity of the estuary and its adjacent coastal zone.
Hence, if there is no such runoff, it is logical to expect that
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Table II1.18

The number of years of different wetness in relation to
"normal"” monthly runoff - April

any year are 257 or more above "normal’ (4.14 and 4.10 MAF,

respectively.)

2. Sub-normal and dry years of wetness - when the same runoff

Runoff Wettest Sub-normal
Character=- and and Crigical
istics Wet Years Years Dry Years Years Dry Years Years
Qnri 1927, 1935, 15 1930, 1939 13 1924, 1929, 5
1938, 1940-43, 1944, 1947 1931, 1934
1952, 1954, 1955, 1957 1976
1958, 1963, 1959, 1960,
1965, 1967, 1961, 1964,
1969, 1974, 1968, 1970,
1978 1872
Qrri 1935, 1938, 9 1945, 1946, 6 1924, 1929, 27
1940, 1941, 1950, 1956 1930, 1931,
1952, 1958, 1971, 1975 1932, 1933,
1963, 1974, 1934, 1934,
1982 1944, 1947,
1949, 1951,
1853, 1955,
1957, 1959,
1960, 1961,
1962, 1964,
1966, 1968,
1970, 1972,
1973, 1976,
1977
Qndo 1927, 1935 17 1930, 1933, 14 1924, 1929 G|
1938, 1941-43 1939, 1944, 1931, 1934,
1940, 1948 1944, 1947, 1976
1952, 1954 1955, 1957,
1958, 1963, 1959-61, 1964,
1965, 1967, 1968, 1970,
1969, 1974, 1972
1978
Qrdo 1935, 1938, 8 1945, 1946, 5 1924, 1929, 26
1940, 1941, 1950, 1958, 193G, 1931,
1952, 1958, 1671 1933, 1934,
1964, 1974 1939, 1944,
1947, 1949,
1951, 1933,
1955y 1956,
1958, 1962,
1964, 1965,
1966, 1968,
1970, 1972,
1973, 1973,
1976, 1977
Note: 1. VWettest and wet years - the Qnri and Qrri and Qndo and Qrdo of

parameters are 257 or more below 'mormal.”
3. Critical dry years of wetness - when the Qnri, Qrri, Qndo and
Qrdo are 50% or more below 'normal.”



Table I1.,]0

The number of years of different wetness in relation to
"normal” monthly runoff - May

Runoff Wettest Sub-normal
Character- and and Critical
istics Wet Years Years Dry Years Years Dry Years Years
Qnri 1922, 1935, 17 1926, 1929, 12 1924, 1931, 7
1937, 1938, 1930, 1933, 1634, 1939,
1941, 1942, 1947, 1960, 1959, 1976,
1943, 1952, 1961, 1964, 1977
1956, 1958, 1966, 1968,
1963, 1967, 1970, 1972
1969, 1973,
1974, 1975,
1678
Qrri 1938, 1952 2 1928, 1932, 12 1924, 1927, 24
1942, 1943, 1929, 1930;
1945, 1946, 3L, 1933,
1950, 1951, 1934, 1939,
1953, 1965, 1944, 1947,
1975, 1978 1950, 1954,
1955, 1954,
1960, 1961,
1962, 1964,
1966, 1968,
1971, 1972,
1976, 1977
Qndo 1922, 1937, 16 1926, 1929, 12 1924, 1931, 7
1938, 1941, 1930, 1933, 1934, 1939,
1942, 1948, 1947, 1960, 1959, 1976,
1852, 1956, 1961, 1964, 1977
1958, 1963, 1966, 1968,
1967, 1969, 1970, 1972
1973, 1974,
1975, 1978
Qrdo 1922, 1938, 3 1924, 1928, 15 1924, 1626, 26
1952 1932, 1936, 1929, 1931,
1940, 1943, 1933, 1934,
1945, 1946, 1939, 1944,
1950, 1951, 1947, 1949,
1953, 1954, 1955; 1859,
1957, 1965, 1960, 1961,
1978 1962, 1964,
1966, 1968,
1970, 1971,
1942, 1975
1974, 1975,
1976, 1977
Note: 1. Wettest and wet years - the Qnri and Qrri and Qndo and Qrdo of

any year are 257 or more above "normal" (4.26 and 4.15 MAF,

respectively.)

Sub-normal and dry years of wetness - when the same runoff
parameters are 25% or more below "normal."

Critical dry years of wetness - when the Qnri, Qrri, Qndo and
Qrdo are 50% or more below "normal.'



Table II.20 The number of years of different wetness in relation to
"normal" monthly runoff - June

Runoff Wettest Sub-normal
Character- and and Critical
istics Wet Years Years Dry Years Years Dry Years Years
Qnri 1921, 1927, 17 1929, 1930, A 1924, 1926, 1928, 13
1932, 1935, 1946, 1947, 1931, 1833, 1934,
1938, 1941, 1649, 1951, 1939, 1947, 1939,
1942, 1948, 1954, 1960 1966, 1968, 1976,
1952, 1953, 1961, 1964, 1977
1956, 1958, _ 1672
1969, 1971,
1974, 1975,
1978
Qrri 1938, 1952, 3 1932, 1936, 13 1926, 1928, 1929, 31
1966 1937, 1940, 1930, 1931, 1933,
1943, 1945, 1934, 1939, 1944,
1950, 1953, 1946, 1947, 1949,
1963, 1965, 1951, 1954, 1955,
1671, 1974, 1957, 1939, 1960,
1975 1961, 1962, 1963,
1964, 1965, 1966,
1970, 1972, 1973,
1974, 1976, 1577,
1978
Qndo 1921, 1922, 18 1928, 1929, 1] 1924, 1926, 1928, 14
1927, 1932, 1930, 1944, 1931, 1934, 1939,
1935, 1938, 1946, 1949, 1947, 1959, 1960,
1941, 1942, 1951, 1954, 1961, 1966, 1968,
1948, 1952, 1660, 1964, 1976, 1977
1953, 1956, 1972
1938, 1967,
1971, 1974,
1975, 1978
Qrdo 1922, 1938, 5 1923, 1925, 11 1926, 1928, 1§29, 31
1942, 1952, 1936, 1937, 1930, 1931, 1933,
1967 1940, 1943, 1934, 1939, 1944,
1945, 1950, 1946, 1947, 1949,
1963, 1971, 1951, 1954, 1955,
1975 1957, 1959, 1960,
1961, 1962, 1963,
1864, 1965, 1966,
1970, 1972, 1973,
1974, 1976, 1977,
1978
Note: 1. Wettest and wet years - the Qnri and Qrri and Qndo and Qrdo of

any year are 25% or more above "normal" (2.65 and 2.51 MAF,
respectively.)

2. Sub-normal and dry years of wetness - when the same runoff
parameters are 257 or more below "normal."

3. Critical dry years of wetness - when the Qnri, Qrri, Qndo and
Qrdo are 507 or more below "normal."
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the estuarine system may undergo a gradual transformation,
insidious for the first ten to fifteen years but becoming
noticeable later on.

SUMMER

Of these months, only July's regulated runoff variables
(RRI, RDO) manifest the same trend in their fluctuations as the
natural runoff variables for the total period of observations.

But that is not the case for August whose monthly runoff has
pronounced differences particularly for the post-project period.
Suffice to say that their statistical parameters are so different
that in August (as will be seen later for autumn) we are dealing
with a new artificial river inflow, the major part of which
originates from returning water discharges. Some of the striking
properties of summer runoff transformation can be seen from the
following:

1. The steady decline of RRI and RDO in July resulted in
increases in the number of critical and dry months of July and a
reduction in the number of wet ones (Table II. 21).

2. RDO of July is characterized by a pronounced increase in
the number of critical dry months of July and at the same time,
it demonstrates the essential reduction in the number of wet,
sub-normal and dry July months (2-5 times).

3. However, the amount of wet and sub-normal August months
of RRI increased 1.2-1.4 times.

4. The number of wet and sub=-normal months of August was
reduced significantly, while the number of critical dry increased
several times (Table II. 22).

Such transformation of RRI and RDO should be considered the
result of climatological changes, but rather is the result of
flow regime changes that have taken place in the basin since the
late 1960's when diversion reached its peak.

Therefore, the hydrolegical summer consists of two months
which differ not only from each other (as never before under
natural conditions) but also from the natural trend of runoff
fluctuation and its statistics (see Part I1.2:86).

The overall picture of runoff redistribution of river
inflow/Delta outflow for July can be drawn from the histogram
(Fig. II. 12, 13) whose striking feature is that RRT shifted
towards a predominant lower range whose configuration resembles
that of August under would-be natural conditions. The rare but
highest values of the would-be NRI ceased to exist and was
substituted by the occurrence of runoff of lower value.
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Table II.21

The number of years of different wetness in relation to
"normal” monthly runoff - July

any year are 257 or more above "normal" (1.04 and 0.33 MAF,
respectively.)

2. Sub-normal and dry years of wetness - when the same runoff
parameters are 257 or more below "normal."

3. Critical dry years of wetness - when the COnri, Qrri, Qndo and

Qrdo are 507 or more below "normal."

Runoff Wettest Sub-normal
Character- and and Critical
istics Wet Years Years Dry Years Years Dry Years Years
Qnri 1922, 1941, 15 1925, 1928, 18 1924, 1926, 8
1942, 1952, 1929, 1930, 1931, 1934,
1953, 1956, 1933, 1940, 1939, 1961,
1958, 1963, 1947, 1949, 1976, 1977
1965, 1967, 1951, 1954,
1969, 1971, 1955, 1959,
1974, 1975, 1960, 1961,
1978 1664, 1966,
1968, 1972
Qrri 1938, 1962 4 1927, 1932, 15 1924, 1925, 1926, 24
1971, 1974 1945, 1948, 1928, 1929, 1930,
1956, 1957, 1931, 1933, 1634,
1959, 1960 1935, 1936, 1937,
1961, 1962, 1939, 1940, 1943,
1963, 1964, 1944, 1946, 1947,
1966, 1968, 1949, 1950, 1951,
1976 ‘ 1954, 1955, 1977
Qndo 1922, 1938, 16 1928, 1930, 11 1924, 1926, 1929, 16
1941, 1942, 1933, 1940, 1931, 1934, 1939,
1952, 1953, 1946, 1950, 1947, 1949, 1959,
1956, 1958, 1951, 1954, 1560, 1961, 1966,
1963, 1965, 19535, 1964, 1968, 1972, 1976,
1967, 1969, 1972 1977
1970, 1974,
1975, 1978
Qrdo 1938, 1952, 3 2 1923, 1948, 5 1924, 1925, 1926 43
1967 1956, 1974, 1927, 1928, 1929,
1875 1930, 1931, 1932,
1933, 1934, 1935,
1936, 1937, 1939,
1940, 1944, 19645,
1946, 1947, 1948,
1949, 1950, 1951,
1953, 1954, 19553,
1957, 1959, 1960,
1961, 1962, 1963,
1964, 1965, 1966,
1968, 1970, 1972,
1973, 1976, 1977,
1978
Note: 1. Vettest and wet years - the Qnri and Qrri and Qndo and Ordo of



Table I1I.22

The number of years of different wetness in relation to
"normal" monthly runoff - August

Sub-normal

Runoff Wettest
Character- and and Critical
istics Wet Years Years Dry Years Years Dry Years Years
Qnri 1938, 1941, 14 1924, 1926, 10 1931 1
1942, 1952, 1929, 1930,
1956, 1958, 1931, 1933,
1963, 1965, 1934, 1939,
1967, 1969, 1947, 1977
1971, 1974,
1975, 1978
Qrri 1958, 1959, 19 1925, 1927, 12 1924, 1926, 7
1961-76, 1928, 1930, < 1931, 1933,
1978 1932, 1935, 1934, 1937,
1636, 1940, 1939
1943, 1944,
1955, 1977
Qndo 1938, 1941-43, 17 1924, 1926, 19 1924, 1926, 9
1952, 1953, 1928, 1930, 1929, 1930,
1956, 1938, 1933, 1934, 1931, 1933,
1963, 1965, 1936, 1937, 1934, 1939,
1967, 1969-71, 1940, 1944, 1977
1974, 1975, 1949, 1950,
1678 1955, 1959-61,
1964, 1966,
1972
Qrdo 1958, 1965, 8 1946, 1949, 9 1921-37, 1939, 23
1967, 1969, 1950, 1953, 1940, 1943,
1970, 1971, 1954, 1957, 1644, 1947,
1974, 1975 1961, 1976, 1955
1977
Note 1. Wettest and wet years - the Qnri and Qrri and Qndo and Qrdo of

any year are 257 or more above "normal" (0.54 and 0.32 MAF,

respectively.)

Sub-normal and dry years of wetness - when the same runoff
parameters are 25% or more below "normal."

Critical dry years of wetness - when the Qnri, Qrri, Ondo and
Qrdo are 30%Z or more below "normal."
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Almost the same shifting took place for July's RDO, which
resembles the frequency of occurrence of August NDO; the number
of low flow ranges increased and the highest values of the would-
be NDO ceased to exist. Overall, the maximums for RRI and RDO and
their frequency of occurrence were truncated by the diversions.
Therefore, July is not a month which may show the impact of
returning water discharge to the river-Delta ecosystem, as
appears to be the rule for August RRI.

The presence of the discussed new properties of the RRI
distribution for August can be seen from the histogram (Fig. II.
12, 13). The specific features of this histogram are: 1) the
overall leveling of the probability of occurrence of the highest
and lowest values of runoff despite, 2) the appearance of the new
ranks of highest values of runoff.

Therefore, August is the first month exposed to the strong
influence of the new water management policy comprising the
releases of significant amounts of water to the river basins from
different sources, whose volumes may be several times higher than
NRI, especially for summers of abnormal or close-to-normal years
of wetness.

AUTUMN

As was discussed earlier, there are not many similarities
between the monthly natural and regulated variables of runoff
during autumn, especially for the post-project pericd. It 1is
likely that the major cause of the differences is the amount of
returning water from the drainage network emptying into the river
Delta system. The combined result has led to noticeable
increases in water supply to the river and Delta. These
increases transformed the major statistics of runoff for these
months so that they cannot be identified with their natural
values.

For example, for each of these months, the number of the so-
called wet years for regulated runoff characteristics increased
several times, although no climatological changes were documented
over the Sacramento-San Joaquin Rivers' watershed or the adjacent
vast areas. (Tables II. 23-25). At the same time, we can trace
some differences between these months in regard to the number of
sub-normal and dry and critical dry years which we relate to the
post-project changes in flow fluctuations.

For example, RDO for October has a number of sub-normal and
dry vears 2.3 times lower than the would-be natural runcff and
equal amount of critical dry years.

In November the number of sub-normal and dry years of RRI
was reduced as much as 1.5 times and the critical dry years for
the RRI were reduced 1.3 times of the NRI. At the same time, the
number of sub-normal, dry and critical dry years of RDO did not
experience significant changes, although the number of wet years
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for RDO was reduced almost three times in comparison with the
would-be natural Delta cutflow.

Therefore, the project operations did bring about some
relatively positive changes in the number of years of relative
high wetness for both RRI and RDO, primarily for September and
October, but since this was accomplished largely as a result of
increasing agricultural return flows, their role in the
"improvement" of the river-Delta water quality is very much in
question.

The changes in frequency distribution of absolute values of
river inflow and Delta outflow regulated variables in comparison
with the natural can be seen from the histograms (Figs. II. 14,
18) 8

First, in general, the range of regulated runoff
fluctuations increased significantly: second, high new ranges
of regulated runoff fluctuations appeared, while the predominant
range of small water supply to the Delta (NRI) was truncated,
especially for September and October.

It should be noted that for these months, as for August, one
may say that practically we are dealing with a new hydrological
regime of combined Sacramento-San Joaquin runoff whose
statistics, especially for the post-project conditions, changed
beyond the natural scale of a frequency curve (Figs. II. 20, 21).

This implies that the amount of water which at present is
discharged to the Delta, and from the Delta to the Bay,
corresponds routinely to the values which would be observed under
natural conditions at least once in 10, 20 or more years.
However, there 1is no indication that this increase in autumn
runoff has enhanced the fall run of chinook salmon or contributed
to the improvement of any other significant biological
characteristics.

It should be emphasized that the absolute value of RRI
entering the Delta of 1.1 MAF (September 1974), 0.9 MAF (October
1975) and 0.9 MAF (November 1975) were 1.8, 1.5 and 1.3 times
higher than the NRI, but this was not the case for the RDO.

However, at the time more than 90% of the RRI for September
and October was higher than the NRI (since the 1940's) the
volumes of RDO were much less than the RRI, but higher than the
values of the would-be NDO (in some instances as much as twice).
That means that returning and released water is able to replenish
channel depletion in the Delta and even demonstrate the presence
of water surplus if regulated values of Delta outflow are of
concern,

Therefore, San Francisco Bay has enjoyed an increase in
water discharges within the dominant range of 60-80% (September) ,
25-40% (October), and 15-25% (November) for the period 1945-58,
and for the same months of the periocd from 1962-75, the increases
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Table IT.23

The
Hno

number of years of different wetness in relation to
rmal” monthly runoff - September

Runoff Wettest Sub-normal
Character- and and Critical
istics Wet Years Years Dry Years Years Dry Years Years
Qnri 1938, 1941, 12 1924, 1926, 6 0
1952, 1936, 1929, 1931,
1958, 1959, 1933, 1934
1967, 1969,
1971, 1974,
1975, 1978
Qrri 1948, 1951, 23 1924, 1931, 5 0
1952 ; 1953, 1934, 1937,
1956, 1957, 1939
1958, 1959,
1962-75, 1978
Qndo 1941, 1942, 16 1926, 1928, 13 1924, 1931, 3
1943, 1952, 1929, 1930, 1934
1953, 1957, 1932, 1933,
1958, 1959, 1934, 1935,
1963, 1967, 1936, 1937,
1969, 1971, 1939, 1944,
1972, 1974, 1947, 1949,
1975, 1978 1964
Qrdo 1948, 1952, 20 1922, 1925-30, 15 1921, 1924 6
1953, 1956, 1935, 1936, 1931, 1932,
1957, 1958, 1937, 1939, 1933, 1934
1959, 1662-65, 1844, 1945,
1967, 1969, 1976, 1977
1970, 1971,
1972, 1973,
1974, 1975,
1978
Note: l. Wettest and wet years - the Qnri and Qrri and Qndo and Qrdo of

any year are 25Z or more above "normal" (0.45 and 0.3 MAF,
respectively.)

Sub-normal and dry years of wetness - when the same runoff
parameters are 257 or more below "normal."

Critical dry years of wetness - when the Qnri, Qrri, OQndo and
Qrdo are 507 or more below "normal."



Table II.24

The
ll‘no

number of years of different wetness in relation to
rmal" monthly runoff - October

Runoff Wettest Sub-normal
Character- and and Critical
istics Wet Years Years Dry Years Years Dry Years Years
Qnri 1946, 1948, 9 1922, 1925, 18 0
1951, 1957, 1927, 1929,
1958, 1963, 1930, 1931,
1970, 1974, 1932, 1933,
1976 1934, 1935,
1936, 1937,
1950, 1936,
1961, 1962,
1967, 1978
Qrri 1957, 1958, 13 1925, 1932, 4 0
1963, 1964, 1935, 1978
1966, 1968,
1970-76
Qndo 1939, 1946, 12 1927, 1929, 14 1930 I
1948, 1951, 1631, 1932,
1957, 1938, 1933, 1934,
1963, 1964, 1935, 1937,
1970, 1973, 1950, 1956,
1974, 1976 1961, 1962,
1967, 1978
Qrdo 1939, 1946, 22 1932, 1933, 6 1978 1
1948, 1949, 1935, 1961,
1951, 1952, 1962, 1977
1853, 1954,
1957, 1938,
1959, 1963,
1964, 1966,
1968, 1970-76
Note: 1. Wettest and wet years - the Qnri and Qrri and Qndo and Qrdo of

any year are 257 or more above "normal" (0.58 and 0.46 MAF,
respectively)

Sub-normal and dry years of wetness - when the same runoff
parameters are 257 or more below "normal."

Critical dry years of wetness - when the Qnri, Qrri, Qndo and
Qrdo are 50% or more below '"normal."



Table II.25 The number of years of different wetness in relation to
"normal" monthly runoff - November

Runoff Wettest Sub-normal
Character- and and Critical
istics Wet Years Years Dry Years Years Dry Years Years
Qnri 1921, 1927, 13 1923, 1926, 18 1622, 1924, 17
1928, 1938, 1929, 1939, 1930, 1931,
1945, 1946, 1941, 1942, 1932, 1833, °
1951, 1964, 1948, 1949, 1934, 1936,
1966, 1967, 1953, 1956, 1937, 1940
1971, 1973, 1957, 1959, 1944, 1949,
1974 1961, 1962, 1950, 1951,
1968, 1970, 1960, 1977,
1972, 1975 1978
Orri 1938, 1951, 3 1925, 1929, 12 1924, 1926, 13
1974 1935, 1939, 1930, 1932,
1941, 1942, 1933, 1934,
1944, 1947, 1936, 1937,
1948, 1953, 1840, 1960,
1956, 1961 1962, 1977,
1978
Qndo 1921, 1927, 11 1923, 1929, 13 1922, 1924, 17
1628, 1938, 1939, 1941, 1926, 1930,
1946, 1964, 1942, 1948, 1931, 1932,
1966, 1967, 1953, 1957, 1933, 1936,
1971, 1973, 1962, 1963, 1937, 1940,
1974 1970, 1972, 1944, 1950,
1975 1959, 1960,
1968, 1977,
1978
Qrdo 1927, 1938, 4 1923, 1925, 13 1921, 1922, 19
1951, 1974 1929, 1935, 1924, 1930,
1939, 1941, 1931, 1932,
1942, 1948, 1933, 1934,
1953, 1954, 1936, 1937,
1956, 1961, 1940, 1943,
1973 1950, 1956,
1560, 1962,
1969, 1977,
1978
Note: l. Wettest and wet years - the Qnri and Qrri and Qndo and Qrde of

any year are 23% or more above 'normal' (1.14 and 1.25 MAF,
respectively.)

2. Sub-normal and dry years of wetness - when the same runoff
parameters are 25% or more below "normal.”

3. Critical dry years of wetness - when the Onri; Qrri, Qndo and
Qrdo are 507 or more below "normal."
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(1921-82) River Inflow to the Delta for the Autumn Months.



PERCENTAGE

40, -
september —I—

20 L
J |
S | —_—
0 3
V'O oW oMo Ore'lohe
= 9g 05 =g ag 25 85
o =] o o o oo
|
40¢ 1 40- l ‘l
october november .
- B ! '
|
—2—-1 '_-- - e
20 H 20
| S i - -
] ‘--!I =
n—-—r-_! [‘ . ; . nﬁ---:—-—‘ ; ' :
nmrro nc'olos oo e N Mu'oc onwoN DT oN
N - g g ™ O T® T A Ty © g @
O NTrT SO g 35 e m e g g
M.A.E

Fig.I1.15 Histograms of Occurrence of (1) Natural (1921-78) and (2) Regulated
(1922-82) Delta Outflow to the Bay for the Autumn Months.
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ranged from 80-100%, 40-80% and + 15% of their natural flow.

IT.2.3 The Trend of Monthly Upstream Diversions During a Typical
Cycle of Wetness

In order to illustrate the trend of upstream water
development (which takes the lion's share of water out of the
Delta-Bay system), the period 1956-1980 was chosen. During this
span of time, the major local water facilities were put in
operation.

Moreover, this period is interesting because:

1 It 1includes three distinct phases of wetness
(Table II. 5): 1958-1964, decline; 1964-1975, rise; and the
shortest, critical dry phase of 1976-1977, with relatively
moderate alternation of twelve sub-normal and above-normal years
of river inflows.

X This period may be considered, with the exception of
1976-1977, as the most favorable for the operation of the CVP and
SWP facilities to meet growing needs for water in California.

This period may give some additional information about how
the upstream water withdrawals, representing more than 60% of
total diversions, accelerated changes in the seasonal patterns of
the river inflow to the Delta on the average. One may assume
that the decline of the striped bass index and fish population as
well as many other biological changes widely publicized in
numerous reports and articles began prior to 1976 and 1977.
These critical dry and drought years may have exacerbated the
impact of the preceding two decades of intensive diversion on the
water quality and biological resources of the Delta-Bay
ecosystemnm.

Figures II. 22-26 and Tables II. 26-27 present the
following:

1. The monthly distribution of the NRI and NDO in
percentage of their annual mean for each of the five-year periods
(except for 1971-75) did not change significantly.

This means that the projects' operation tends to maintain
the would-be natural percentage of monthly flow distribution.
However, this measure cannot change the fact that the absolute
values of NRI and RDO are quite different.

2. During the winter and particularly spring, the RRI
volumes discharged to the Delta for all periods discussed was
1.5-2.9 times lower than the NRI.

3. Meanwhile, for the late summer and autumn, especially
September and October, the values of RRI were 1.3-2.9 times
higher than the would-be natural.
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For example, the mean RRI for August, September and October
of the period 1971-75 had a range of 1.2-1.4 MAF, while their
natural characteristics had a range of 0.5-0.6 MAF. This implies
that during these months of the 1971-1975 period, as in other
similar periods, the Delta experienced a water surplus, which may
originate in water releases and drainage discharges to the river
system. The maximum was reached at the end of the following
summer and fall (August and September). This, as will be
illustrated in more detail below, is the principal new feature of
fall's runoff regime.

It is difficult to judge whether these mainly agricultural
releases have a positive or negative effect on the regime
characteristics of the Delta and Bay inasmuch as there is no
appropriate data on the chemical constituents of these waters or
how they differ from what the river-Delta ecosystem experiences
under natural conditions and how their accumulation or dilution
changed with time and space. This is especially necessary to
know since the average volume of these mixed waters discharged
to the Delta is almost equal to the volume of the Delta water
body (1.3 MAF). In addition, it appears that there are no
publications or reports which show whether this water increment,
usually during fall periods of low flow under natural conditions,
has brought about any improvement in the sanitary or changes in
any other conditions (biological resources, circulation patterns
in the Delta, or increased repulsion of salt intrusion, or
flushing brackish waters from the western Delta and Suisun Bay) .

4. It appears that the patterns of diversion (in
percentage) of these periods reflect more the contractual
demands for water, regardless of the wetness of the different
periods, than the water needs of the San Francisco Bay.

For example, the predominant range of mean water
withdrawals during winter and spring is 15-=30 and 50-60%,
respectively, which infers that during a seven-month period,
large quantities of water were diverted from the NRI.

The range of average water withdrawals was 7.5-11.6 MAF {(the
latter was diverted in 1976-80, or 47% of the mean annual of 24.6
MAF) .

Therefore, even without the drought periods of 1976-77, such
volumes of winter-spring diversions during the preceding twenty
years may have had a strong cumulative impact on the Delta-Bay
environment.

Documentation of the declines of recreational fish and
shellfish catches as well as of flow-related changes in the
entrapment 2zone (the nursery ground of estuarine organisms),
reduction of more than 70% of the sediment load and other
important changes, began to appear prior to the drought of 1976
and 1977 (Chadwick, 1982; Krone, 1979; Herrgesell et al.,
1983; Kjelson et al., 1981, 1982; Moyle, 1976).
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Similar symptoms of estuarine deterioration have appeared
in other areas after ten to twenty years of extensive late-
winter-spring water withdrawals where the residual spring runoff
to the estuarine system had the predominant probability of
accedence of 95-97% (i.e., very rare events under natural
conditions). Unfortunately, this became the pronounced feature
of the river supply to the Delta, itself under strong pressures
of inner diversions which undoubtedly exacerbate its ecological
conditions as well as those of San Francisco Bay.

In sum, it would not be an exaggeration to say that upstream
winter-spring diversions accounting for more than 40% of their
seasonal averages have led to the reduction of natural river
discharges to levels which would be observable under natural flow
conditions once in twenty or more more years, while the high
unimpaired values for the same periods would have a recurrence
of once or more times in two to five years.

IT.2.4 Monthly Runoff Statistics for Typical Years of Wetness
Before and After Projects' Operations

1) From the intra-annual runoff distributions for the
hydrological years of 1936-37 (pre-project) and 1961-62 (post-
project), which were both very close to the mean seasconal
fluctuation of runoff variables, it follows that the upstream and
combined upstream and downstream diversions brought about
significant changes in absolute values of flow as well as
percentage of water diverted (Figs. II. 27-30). Before the water
project operations, the major impact of diversions on river
inflow/Delta outflow was concentrated in the spring period.
However, after the projects became operational and significant
amounts of water were used to recharge storage facilities in
winter-spring seasons, the impact of water diversions was spread
over more than eight months of the year, and their absolute
values (Tables II. 28-29) were 2-5 times higher than was observed
for the pre-project conditions.

For both characteristics of impaired runoff, i.e., RRI and
RDO, the annual diversions were 2.4-3.1 times higher than for the
pre-project conditions, and the amount of water left to be
discharged to the Delta and from the Delta to the Bay in 1962 had
a very low probability of accedence of 80 and 90%, or not less
than once in 5 and 10 years, respectively, though at the same
time, the value of natural runoff had a recurrence interval of
once in 2-=3 years.

Therefore, in 1962, the upstream diversions were equal to:
Qnri-Qrri = 2.51-16.4 = 8.7 MAF

and from the entire water basin,

II.24
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Qndo-Qrdo = 24.4-13.8 = 10.6 MAF

Consequently, the amount of water conveyed through the Delta was
equal to:
10.6-8.7 = 1.9 MAF

and the inner Delta consumptive use was 0.7; in sum 2.6 MAF were
the Delta losses. But in 1937 the upstream diversion was 3.6 MAF
and the combined diversions were 3.4 MAF. The positive
difference of 0.2 MAF may mean the amount of water accumulated
during the year through the releases which were higher than the
Delta diversions during that year.

2) The hydrological vyears of 1937-38 (pre-proiject
conditions) and 1968-69 (post-project conditions) were both
typical wettest years and were both preceded by years of sub-
normal flow, namely, 1936-37 had a runoff of 25.1 MAF, and 1967-
68 had a runoff of 20.3 MAF. Therefore, it is logical to expect
that the diversions in 1969 had to be higher than in 1938 in
order to replenish the losses sustained by the system and the
storage facilities of CVP and SWP. This is well illustrated by
Figs. II.30, 31. With the exception of several months when the
necessity of emergency releases was obvious, the upstream and
downstream water withdrawals in 1969 had longer duration, and
even more important, the absolute value of water diverted was as
much as two times higher for the year and more than 2-10 times
for some of the spring months (Figs. II. 31-34 and Tables II. 30,
38y 4

If in 1938, after total diversions of 3.2 MAF, the residual
annual flow to the system of 53 MAF corresponds to the
probability of exceedence of almost 5% (recurrence of not less
than once in 20 years), then the residual Delta outflow of 1969
of 38.6 MAF after diversion of more than 13 MAF, corresponded to
a probability of exceedence of about 20% (or recurrence of not
less than once in five years). Thus, the system, even after huge
amounts of water were diverted, experienced the condition of
abnormal wetness. So, in 1969, from the total water withdrawals
about 3.6 MAF were conveyed from the Delta (including Delta
consumptive wuse), while in 1938, the total upstream and
downstream diversions were only 2.8 MAF,

It is obviocus from this comparison that even if the annual
and seasonal runoff corresponded to the wettest year (i.e., the
historical unimpaired runoff), this level of diversion is neot
cnly able to significantly truncate its seasonal and annual
peaks, but also may reduce its long-term capability to flush San
Francisco Bay of natural and man-induced waste and to repel salt
intrusion into the Delta, etc.

3) The hydrological years of 1923-24 and 1976-77 are so well
known as typical dry, even drought years, that they have become
the prototype among water resources specialists, as will be seen
below. It is likely that the occurrence of very low flow in
1929-34 may have justified the need for the development of the
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unigue CVP and SWP water storage and distribution facilities.

The Figs. II. 35-39 depict the scale of runoff deficit
during these drought years as well as how the water facilities of
the post-project period were developed for these years of
catastrophic water scarcity.

The probability of exceedence of the 1923-24 NRI and NDO
of 8.2 and 7.3 MAF respectively corresponded to the probability
of almost 97% (i.e., recurrence of not less than once per 83
years) . The same characteristics in 1977 corresponded to a
recurrence interval of not less than one time in 100 years (99%
probability of exceedance), and as such are representative of
the natural drought years.

However, this was not the case for the pre-project drought
because the preceding year, 1922-23, had a runoff of 23 MAF, and
therefore was only 19% less than the normal. Thus, the condition
of 1977 was in many ways unprecedented.

In 1924, when there were no significant storage facilities,
the water diversions, especially upstream, were performed
practically continucusly, and therefore, by the end of the spring
and during the summer (Tables II. 32, 33), there was no
regulated Delta outflow to the Bay, i.e., 100% diversion. As a
result, the Delta waterbody was not able to repel the massive
salt intrusion from the adjacent part of the San Francisco Bay,
and the ischaline of 1g/1 spread over half of the Delta area.
(Unfortunately, there are no data on the salt concentration in
the shipping channels, but based on subsequent experience, it is
likely that it was several times higher than in adjacent shallow
areas.) And although the monthly upstream diversion was not very
much higher (it was very low in comparison with the preceding and
following years) the total annual diversion was equal to almost
2.6 MAF (35% of the mean of that year). As a result, the amount
of water discharged to the Bay (RDO) was much lower than the
minimum of annual NDO (of not more than 6 MAF),with a probability
of exceedance of 99%, or recurrence of not less than once in 100
years.

When almost the same conditions developed in 1977 (54 years
later), after the critical dry year of 1976, the storage water
mitigated water supply depletion to a limited degree and one may
assume that the impact of this historical drought on the river-
Delta-estuarine system was less devastating because: First,
there had been several releases during the fall and beginning of
the winter, and second, the upstream and Delta water withdrawals
together were slightly less than in 1924, although the annual
withdrawal from the Delta was 3.9 times higher than in 1924 (3.5
MAF wvs. 0.9 MAF, and therefore, almost three volumes of the
Delta water body were siphoned upstream toward the water
distribution systems). That is attributable to the fact that the
residual flow (RDO) to San Francisco Bay was 1.9 times less than
this value in 1924.
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Fig.I1.27 .Seasonal fluctuation of (1) natural and (2) regulated river inflow
to the Delta, and (3) upstream diversion (expressed as a percentage of natural
river inflow) in the average year 1936-37 (pre-project period).
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Fig.11.29 .Seasonal fluctuation of (1) natural and (2) regulated river inflow
to the Delta, and (3) upstream diversion (expressed as a percentage of natural
Tiver inflow) in the average year 1961-62 (post-project period).
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Fig. I1.30.Seasonal fluctuation of (1) natural and (2) regulated Delta outflow
and (3) total diversion (expressed as a percentage of natural Delta outfilow)
in the average year 1961-62 (post—project period).
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Fig.I1.31 .Seasonal fluctuation of (1) natural and (2) regulated river inflow
to the Delta, and (3) upstream diversion (expressed as a percentage of natural
river inflow) in the wettest year 1937-38 (pre-pro ject period).
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Fig,I1.35 .Seasonal fluctuation of (1) natural and (2) regulated river inflow
to the Delta, and (3) upstream diversion (expressed as a percemntage of naturzl
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Fig. 11,36 .Seasonal fluctuation of (1) natural and (2) regulated Delta outflow
and (3) total diversion (expressed as a percentage of natural Delta outflow)
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Considering the value of precipitation minus evaporation
over the Bay plus Qrdo of 2.5 MAF (mean of 1977), it becomes
obvious that San Francisco Bay's water balance was practically
without any of its freshwater component. In this case (even more
than for 1924), the value of RDO does not correspond to any of
the lowest flows observed under natural conditions and may have
perhaps a recurrence under natural conditions of not less than
once in several hundred years.

The events of 1977 well raise guestions about the

might

necessity to improve some water storage facilities in order to
provide the opportunities to store part of the surplus wet or
abnormal years which could be used to correct critical drv or
drought conditions, not only in the Delta but .in Suisun Bay as
well.

Conclusions

The projects' operations have resulted in a sharp increase
in duration and of absolute values of upstream and inner Delta
intra-annual water diversions in comparison with the pre-project
conditions during typical years of wetness, i.e., normal, wet and
critical dry. Winter and spring are the major periods of
formation of water supply to meet the needs of different water
users. '

Before the projects, there was not much water diverted
during winter because of the lack of storage facilities; after
the projects' operation, winter became the first season of the
hydrological year during which the upstream accumulation of water
started.

Pre-Proiject

1. The duration of diver-
sions covered mostly the
period of spring.

2. The range of upstream
diversions during winter for
average, dry and wet years
was 0.1-0.5 MAF (-9 to 11%
of the NRI), less than 0.2
MAF (-24 to 4%) and 1.1-2.2
MAF (-4 to 26%) respectively.
The average. upstream water
withdrawals for winter were
around 0.2 MAF.

Post-Project

1. The duration of diversion
increased from 3-4 months to
8-9 months.

2. The range of upstream
diversions during winter for
average, dry and wet years was
respectively 0.2-2 MAF (-7 to
-34%), 0.2-0.5 MAF (-36 to -70%)
and 0.8 to 3.5 (with possible up-
stream releases reaching up to 1
MAF or more; or =31 to +16% from
the monthly NRI for this period
for given years, the positive per-
centage corresponds to the re-
leases). The average upstream
water withdrawals for winter were
around 3 MAF. Therefore, the up-
stream diversions for winter in-

e, e e Tl =l
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3. The range of upstream
diversions during spring for
average, dry and wet years
was 0.5-2 MAF (-10 to -34%),
0.4-0.9 MAF (-50 to -100%)
and 0.3-1.5 MAF (-4 to =16%)
respectively. On the average
the upstream losses for
spring were 1.1 MAF.

4. The late summer and
autumn experienced a strong
deficit in water supply which
is not very high for these
seasons under natural
conditions.

in the pre-project period, and
this volume constitutes about 30%
of the mean winter inflow to the
Delta (Table I. 26).

3. The range of upstream
diversions during spring for
average, dry and wet years

was 1.7-2.6 MAF (-58 to -51%),
0.4-0.5 MAF (-73 to 78%) and
2-4.4 MAF (-38 to =-50%) respec-
tively. On the average the up-
stream losses were 2.2 MAF, that
is, double that observed for the
pre-project period, or more than
50% of the spring normal.

4. A water surplus amounting
to 0.3-«1 MAF or even more in the
river-Delta system is observed
during summer and autumn due to
discharges of returning waters.

Because of an essential part of the total diversions is

constituted by the upstream diversions

(about 75%),

the

characteristics of monthly RDO are not very different from those
mentioned above for river inflow.

In general, since the project operations, the winter and
spring Delta outflow were significantly reduced because of
combined upstream and Delta diversions. If the average years of
wetness before and after the project operations can be used as
typical examples, then we may state that the annual RDO
constitutes 50% of normal.
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IT.2.5 Dynamics of Seasonal Inner Delta Diversions

General Remarks

The previous sections presented a quantitative analysis of
some of the most visible changes in the perennial fluctuations of
monthly and annual runoff which have resulted from the increasing
degree of regulation of California water between 1921 and 1978,
with major emphasis on the typical changes which took place in
years of different wetness.

This section more graphically illustrates the dynamics of
intra-annual diversions within the Delta and emphasizes the scale
of the inner Delta diversions in terms of both percentage and
absolute value. This analysis is designed to shed additional
light on three important issues:

1) The seasonal dynamics of inner Delta diversions;

2) The relationship between the relative percentage and the
absolute values of withdrawals;

Discussion of these issues may produce information useful
for the modeling of Delta circulation patterns, the dynamics of
salt intrusion into the Delta and salinization of the Delta water
body, or for describing fish migration and spawning, or the
activities of other biological resources. This information can
also be useful in the development of standards and criteria for
water quality in the Delta.

More to the point, the characteristics of the incoming
waters like temperature, oxygen content, turbidity, sediment
lcad, and other chemical constituents may be transformed to some
extent due to the fact that the river's residual flow comes from
different storage facilities which exert various influences in
all these parameters. Therefore, there is no doubt that during
the summer and fall, these incoming waters have very little in
common with the runoff in its area of origin. Thus, the Delta in
this regard, works like a sponge, i.e., recycles, processes and
reproduces some new water whose quality depends on the quantity
and quality of incoming waters, the level of diversions inside
the Delta and many other hydrological and geomorphological
factors of the Delta water body itself which are not easy to
assess. Shedding light on this problem would only be possible if
special chemical investigations were organized from the top of
the mountains to the western part of the Delta along the

riverbed. But we do not have these data and can only guess or
use the experience obtained in other riverine-estuarine
ecosystems. However, despite all these complexities, it is

obvious to anyone that the Delta represents the final hydrologic
entity whose changes may serve as a very specific mirror
reflecting the scale of the role of upstream and downstream
diversions. In this regard, the observed inner Delta seasonal
diversions might be used to illustrate what happened to the river
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inflow to the Delta, but not as criteria for the integral impact
on river basin modification on the San Francisco Bay ecosystem.
As we have seen (and will be further demonstrated), the monthly
inner Delta diversions are smaller than the upstream diversions.
But that does not diminish the fact that the Delta losses may
have a subtle but significant cumulative impact, in the long run,
resulting in the gradual salinization of the Delta water body.

To underline some typical features of the dynamics of intra-
annual diversions within the Delta as a result of the differences
between the monthly RRI and RDO, we will comment on the Figures
II. 39-46 according to their corresponding wetness classification
as was first introduced in Table II. 3:

Wet Years:

There were 11 wet years out of 29 during the period 1956-84,
that is, years whose annual runoff was above the normal by more
than 25% (1956, 1958, Fig. II. 39; 1962, Fig. II. 40; 1965,
1967, 1969, Fig. II. 41; 1974, Fig. II. 43; 1978, Fig. II. 44;
1980, Fig II. 45; 1982 and 1983 Fig. II. 46).

For these years, more than 40-50% of the natural runoff
entering the system was formed during the period between
December and March. More often than not these years followed
years of sub-normal wetness, or even two successive critical dry
and drought years (1976, 1977).

One may assume that the major task of the diversions during
the wet years was to replenish the exhausted storage facilities
of the CVP, SWP as well as those of many local water facilities.
Because of that, one may expect that during wet years the
upstream withdrawals have to be the highest ones. This
interception of water surplus would be available for use for much
longer periods of sub-normal and critical wetness and hence to
use the surplus for distribution for the years with pronounced
deficit in water supply which usually take place, as we saw,
during the phase following low water supply which may last for
2-5 years. But that was not the case in the flow regulation and
accumulation for 1956-1984 period; on the contrary, the years of
highest seasonal and annual natural river inflow/Delta outflow
were, in general, characterized by the smallest upstream and
downstream diversion (as we can see from the Figures II. 39-46
and Table II. 7 for the wet years and the previous discussion on
upstream diversions). It follows that when there is plenty of
natural runoff, not much water is needed from the storage
facilities. But one of the major tasks of storage is not only to
prevent the valley floor from flooding but at the same time to
accumulate part of the surplus without damaging the riverine-
estuarine system as has occurred many times (1956, 1969, 1974,
1982 and 1983). Had this been done it would be possible to
better manage the hydrological regime of the river basin during
sub-normal and dry years in a fashion beneficial for all water
users, including the living resources of the estuarine system.
However, this has not happened. During the wet years of this

II.30



period, the water withdrawals out of the Delta were significantly
smaller than during the sub-normal dry years.

In general the major pressure for water withdrawals began
with May (40-85% from RRI, i.e., residual inflow) and reached its
peak by July or August (60-85% from RRI), with little or no
relief from upstream releases made during any of the three
months.

The maximum annual diversion of all wet years of 5.3 MAF was
observed, as it should be expected, in 1978, after two successive
years of the lowest runoff since 1932.

In sum, the overall trend in water diversion for the wet
years has been characterized by a gradual increase in its monthly
and annual values since 1956, the exception being when the year
was close to the normal, or intra-annual distribution of runoff
was also close to the normal or even wet.

Sub-normal, Drv and Critical Dry Years:

Sub-normal, dry and critical dry years, such as 1959, 1961,
1964, 1968, 1972, 1976, 1977 and 1981 have 75%, 50% or less
runoff than normal (Figs. II. 39-45, Table II. 3).

The picture describing the water diversions for these years
is quite different from that mentioned above for the wet years.
First, the inner Delta diversions start much earlier, i.e.,
February. Second, when one 1is dealing with the tense water
supply in the river basin, as in years of sub-normal or critical
wetness 1972, 1976, 1977 and 1981, there are year-round water
withdrawals within the Delta which may be quite significant if
conditions for migration and spawning activities of different
species of fish, for example, striped bass, are in question.

These diversions, which account in the spring months for up
to 0.7 MAF, with a progressive increase up to 0.9 MAF during the
summer, compounded with upstream diversions, result in the
development of such entangled detrimental conditions in the area
which may influence not only the living resources but the water
quality in the major part of the Delta as well. Not only the
percentage of diversions was very high all year round for these
years (30-60 and 40-85% during fall and the following spring,
respectively), which indirectly describes the scale of reduction
of RRI (percentage of reduction is equal to RRI-RDO*100), but
RRI the volume of withdrawn water from RRI itself may be only
slightly less than Delta diversions for wet years.

Such an approach to water diversion demonstrates that the
pumping of water from the Delta as well as from the river basin
in years of low wetness is based on the entitlement for water on
behalf of different water users regardless of the category of a
given year or season's wetness, its probability of occurrence and
recurrence interval, and the possible short and long-term impact
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on water quality and living resources of the riverine-system in
question.

More often than not the annual values of the volumes
withdrawn from the Delta during these sub-normal years are as
much as 1.3-2.3 times higher than for the wet years, even though
the sub-normal year's monthly water withdrawals might be slightly
less than those for the wet years (Table II. 3).

It should be noted that while the river system may have some
surplus due to the incoming returning waters and, in our opinion,
negligible releases, especially during the late summer and fall,
that is not the case for the Delta outflow. Out of 24 years,
based on the available data and plotted on these figures, we were
not able to find any case when the regulated Delta outflow was
higher than the RRI during the summer period which consistently
exXperiences water deficit.

Therefore, even if scme returning water managed to reach the
Delta system, it is logical to expect that: First, an essential
part of this water may slightly replenish the Delta deficit;
second a significant part of this water will be consumed, and
third the local residual discharges may have a high concentration
of total dissolved solids, saturated with pesticides, herbicides,
etc., and therefore, instead of dilution and improvement, the
southern part of the Delta may experience salinization, and what
is left may be more detrimental than beneficial to the water
quality of the Delta and adjacent parts of San Francisco Bay.

For example, in 1976, almost 6.7 MAF were diverted from the
Delta. That is as much as 5.2 times the volume of the Delta
itself. To make conditions even worse, almost half that amount
was diverted during the following drought year of 1977. But
inasmuch as losses sustained by the Delta have to be replenished
scmehow because nature cannot withstand an empty niche (that is a
very simplified definition of the law of conservation of mass and
energy), it is not surprising that the salt intrusion appears,
followed by the salinization of the Delta water body for many
months to come.

This type of development, well-documented and described in
the literature related to San Francisco Bay as well as other
estuaries, resulted in the impairment of municipal, industrial
and agricultural water intakes, destruction of spawning grounds
of some fish whose eggs have very low tolerance for salinity
(like striped bass), destruction of agricultural land and Delta
levees, and resulted in a very specific hydraulic feature
becoming dominant in these conditions: the increase in the
recurrence of compensating currents which bring the salt into the
Delta.
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IT.2.6 The Perennial Trend of Monthly Requlated Runoff and Water
Diversions

General Remarks

The year-to-year fluctuations of regulated monthly runoff
repeat the same patterns as observed with natural runoff, but
their statistics (mean, amplitude, standard deviation, Cv and Cs,
deviations of monthly normal runoff) as well as the number of
years of different wetness and their probability of occurrence
and years of recurrence interval, are much different. To make
this comparison easily understandable and uniform, the mean
values of normal runoff for each month of the 1921-78 period of
observations are used as the basis for evaluating the deviations
(from the mean values for the 58-year period) of variables of
relative (%) and abscolute values (MAF) of regulated river inflow
and Delta outflow.

IT.2.6.1 Statistics of Winter Runoff and Diversions

Winter (December, January, February, March)

This period of the hydrological year provides the major part
of the water supply to the system, and as such, the curve of the
normalized modulus for December, January, February and March
illustrate (Fig. II. 47-50) almost the same three major cycles
and their corresponding phases of wetness that were highlighted
earlier for annual unimpaired inflow oscillations (Fig. I. 7,
Table I. 5).

Of these four months, the normalized modulus fluctuations of
February and March are characterized by relatively small and
stable fluctuations. The predominant range of the average
deviations of the modular deficits for these months from the
phase of rise to the phase of decline is * 30% of the deviations
in the river water supply to the Delta-Bay system as calculated
from the normal runoff for these months. This similarity in
monthly modulus deviations to the normalized annual deviations of
the same modulus may be taken as evidence that the winter natural
cycle of wetness is responsible for the upcoming hydrological
year water supply. Therefore, the water withdrawals during this
period, especially if the preceding year is characterized as sub-
normal or dry, may have a major impact on the characteristics of
physical, chemical and biological Delta-estuary. This process
may be exacerbated, as will be seen later, by significant water
withdrawals during the following spring.
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Statistics of Winter Runoff and Diversions

December

Pre-Project Pericd(1921-43)

The dynamics of upstream runoff withdrawals for December can
be seen from Fig. II. 51A. The range of diversions for this
month was very small (exception 1921) there appear to have been
many cases when amounts of water were released from small storage
facilities at that time (especially when runoff was higher than
normal or corresponded to a year of high wetness).

For example, in December of 1927, RRI was very close to the
normal, and the flow increment to the river system was highest,
0.33 MAF (or 13.3% surplus), while for the driest year of 1931
(with a probability of exceedance of 95%, or recurrence of not

less than once in 20 years), the surplus of only 0.2 MAF
corresponded to 40% of NRI. Therefore, here, as in many other

examples of months of the hydrological year, the actual
percentage of surplus or diversion alone is not meaningful
without supplemental information on the absolute value of runoff.

Maximum upstream diversion of 1.0 MAF occurred in 1941-42
and 1942-43 (the wettest years) when December runoff corresponded
to 15% probability of occurrence.

In general, the typical feature of upstream water
development for this period was relatively minimal water
consumption. In seven out of twenty-three years, releases ranged
between 0.1 and 0.3 MAF.

For the remaining years, upstream diversion accounted for
0.21 MAF (the total consumptive use for the period 1921-43 was
4.8 MAF). (Table II. 34)

In general, RDO fluctuations and Delta diversions were
similar to RRI (Fig II. 51B). However, the maximum water
withdrawals from the Delta were half the level of upstreanm
diversions (with the exception of December, 1921, when the
highest Delta diversion of 2.9 MAF occurred -- 69% of the mean
monthly). This month and this year both corresponded to the
wettest seascnal category.

For the rest of the 1921-43 period, the maximum diversion of
0.6 MAF occurred in December of 1927 (the wettest year). The
range of diversion of 0.01-0.6 MAF was typical for the Delta.

The average Delta consumption was 0.1 MAF (1921-43). The
maximum total diversion (upstream and Delta) of 3.0 MAF occurred
in 1921; the range for the period was 0.02-3.0 with an average
of 0.3 MAF.
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December

Post-Project Pericd (1944-78)

With the increase in project operations, the upstream and
downstream water withdrawals as well as Delta consumption
increased.

Although the predominant upstream (0.2-0.4 MAF), inner
Delta (0.01-0.2) and total diversions (0.2-0.4 MAF) were
relatively small, some very high upstream withdrawals, 1.8 MAF
(1946), 5.3 MAF (1%956), 5.1 MAF (1965) occurred which may
reflect reservoir filling (e.g., Folsom Lake, 1955-56)
(Tables II. 5-10).

The maximum inner Delta diversion of 0.6 MAF took place in
1976 (NRI for this month, 0.9 MAF, corresponded to 75%
procbability of exceedance, i.e., sub-normal conditions, which may
occur one or more times in four years).

The maximum percentage of 77.3% of total water withdrawals
from NRI (2.33 MAF) took place in 1978, (1.8 MAF, of which 1.6
MAF were upstream diversions and 0.2 MAF were Delta diversions).

It should be noted that the RDO discharged to San Francisco
Bay in 1977 and 1978 were record lows for this month and
corresponded to a recurrence interval of not less than once in 20
years and once in more than 100 years, respectively (Fig. II.
16), while the NDO for the same years would have a recurrence
interval of at least once in 93 years and once in 2 years,
respectively).

The trend in water diversions can be seen from Table II. 34
which reveals that upstream and total diversion for the 1944-66
period versus 1921-43 almost doubled.

Table II. 34 Upstream, Delta and total diversions (MAF)
from the Sacramento-San Joaquin River Basin

(December)
Years Upstream Delta Total
1921-43 -4.,7 -2.4 -7.1
1344-66 =-12.6 0.0 -12.6
1967-78 -2.0 -2.5 -4 .5

In the following twelve years, important changes took place
Delta diversion which increased up to the value of the pre-
project pericd.
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January
Pre-Project Period (1921-43)

For the majority of years of this period, the upstream and
especially Delta water supply was positive. The latter means
that RDO was slightly higher than the RRI. The predominant range
of this surplus accounted for 0.1-0.25 MAF (Fig. II. 52).

The upstream water supply, in some years was subjected to
diversions, especially in the cases when the preceding year was
dry, sub-normal or critical dry. For example, 1926 and 1939 were
critical dry years; in the following years, 1927 - normal and
1940 - wettest, the upstream diversions were 0.5 and 1.2 MAF, or
25 and 23% of their NRI, respectively.

Therefore, having both a Delta water surplus and predominant
excess of water in the upper part of the river, the total
diversions in the basin were relatively low with the exception of
years like 1940 (0.9 MAF) and 1943 (1.0 MAF).

In sum, January of the pre-project pericd did not experience
the impact of pronounced winter withdrawals given the fact that
at that time there were no large storage facilities or water
conveyance systems in operation.

January
Post-Project Period (1944-78)

The trend of post-project upstream diversions for this month
began to change noticeably in the 1960's.

1) Significantly greater amounts of water were withdrawn
above the Delta than during the pre-project period. As a result,
RRI was much less than the would-be natural river inflow to the
Delta.

The biggest diversion occurred in 1969 and was than 3.4 MAF
(or 31.1% of NRI of the wettest January, 5% probability of
exceedance). It followed a December of sub-normal wetness (1968
was a year of sub-normal wetness).

The second highest proportion of upstream diversion during
this period, 4.0 MAF, was observed in 1978 (48% diversion) which
followed the drought of 1977.

2) At the same time, the inner Delta diversions increased
significantly and reached their maximum of 0.54 MAF in 1976 -
critical dry year. This withdrawal constituted 47% of January's
RRI, while in the drought year of 1977 the lower inner Delta
diversion of 0.4 MAF corresponded to 60% of RRI.
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3) There has been a gradual increase in total water
diversions (upstream diversions plus Delta diversions) with the
exception of the years in which additional water was released
because of lack of water in dry years or excess of water in wet
Years, as 1946, 1947, 1949, 1952, 1955 and 1965,

A high 1level of total withdrawals (3.6 MAF) was
documented in 1969 (34% of NDO). The preceding year, 1968, was a
sub-normal year for NDO. The biggest total withdrawals for the
period under consideration, 4.3 MAF, was observed in 1978 (53% of
mean monthly NDO of that year):; the two preceding years were
critical dry and drought years (Table II. 7).

Therefore, if January's residual discharge (RDO) to the San
Francisco Bay for 1976 and 1977 is contrasted with the would-be
natural NDO for those years, the frequency of recurrence for both
would be once in 100 years, or in the case of RDO for the drought
year, 1977, even beycnd the theoretical curve. (The latter has a
recurrence of at least once in several hundred years). In this
regard, it should be noted that the recurrence interval for the
NDO of 1976 would be 4-5 years.

Table II. 35 Upstream, Delta and total diversions (MAF)
from the Sacramento-San Joaquin River Basin

(January)
Years Upstream Delta 'Total
1921-43 -2.6 -2.8 +0.2
1944-66 -2.8 s -0.6
1967-78 -12.4 +2.2 -10.2

January for the 1967-78 period is characterized by a sharp
increase of upstream and total water diversions in comparison
with two other periods. At the same time, the Delta area
experienced relatively small water surplus (Table II. 35).

February and March
Pre-Project Period (1921-43)

Although the amplitude of runoff for these months was
slightly less than for January, the overall increase in rainy
weather may have produced a more stable water supply, which is
why February and March are characterized by the progressive

increase of water diversions. In the majority of cases for
February, (Fig. II. 53) the volume of upstream diversions was
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higher than for March. (Fig. II. 54).

The two highest upstream water withdrawals were: 2.3 MAF
(or 28.4% of the average 8.1 MAF of one of the wettest months of
February in 1940, characterized by rare occurrence, one or more
times in twenty years), and 2.1 MAF (or 28% of the average of 7.5
MAF of one of the wettest months of March of 1928, recurrence of
at least once in twenty vears).

It should be noted that the proceeding 1938-39 hydrological
year (12.8 MAF) and its February runoff (1.0 MAF) corresponded to
critical dry conditions, i.e., 95% of probability of exceedance.

The maximum Delta diversion for February and March occurred
in 1942 (4.8 MAF, or 65% of the average NRI) and in March 1928
(0.9 MAF, or only 12% of March NRI, but the highest volume for
this month for the entire pre-project period). Both months are
typified as very wet periods. It should be noted that because of
the relatively small volume of the Delta, 1.27 MAF, diversions of
this magnitude or any greater than 1/3 of its volume may greatly
modify Delta circulation patterns, resulting in salt intrusion
and salinization of the water body.

The maximum total withdrawal of 3.9 MAF was observed for
February, 1927 (one of the wettest years) and 3.0 MAF in March,
1928 (also one of the wettest years).

It should be noted that the maximum volume of upstream
diversions was almost equal to normal which may illustrate the
scale of upstream diversions which started during the pre-project
period. This trend did not change during the post-project peried
or for the spring, as we shall see later.

There were many cases of small releases or returning water
discharges which masked the level of diversions. The greatest
increase in river water balance, 1.0 MAF, occurred in February,
1938, and March, 1941.

February and March

Post-Project Period (1944-78)

During this period, these two months of winter have a
majority of years with a higher volume of diverted waters than
those observed for December and Januarv.

The maximum upstream diversion for February, 2.1 MAF, was
observed in 1957 after a January which had a water supply four
times lower than normal and the entire yYear was a sub-normally
wet one.

As for March, the maximum upstream diversion of 5.8 MAF was
observed in 1974, one of the wettest years in the period of
observations, while February was also sub-normally wet.
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There were several cases in which releases influenced water
balance: In February, at the beginning of this period, these
releases ranged between 0.1-0.5 MAF. The highest, 2.2 MAF,
occurred in 1970, which resulted in increased water supply to the
Delta of about 0.3 MAF. This release followed one of the wettest
January months since observations began (NRI was 14.4 MAF). (Such
critical wet conditions occurred only one time during the 1919-84
period).

The highest inner Delta diversion for February (0.8 MAF) and
March (1.3 MAF) occurred in 1975. These volumes constituted 28.3
and 30.3% of RRI for the same months, respectively.

It should be noted that the preceding December and January
had sub-normal runoff which was 2.4 and 2.7 times 1less than
normal (the annual runoff of 1975 corresponded to wet
conditions). In general, when the preceding months of the season
are characterized by low water supply, then diversions in the
following months of the season may increase noticeably.

At the same time, the maximum total withdrawals of 2.5 MAF
and 3.9 MAF occurred in February of 1982 and March of 1974, which
corresponded to 33.3 and 45.9% from their NRI averages, or 34%
and 46.4% from their NDO, respectively.

It should be noted that in the case of 1974 (one of the
wettest years) NRI = 50.5 MAF; the preceding year was above
normal, while annual runoff for 1982, 57 MAF, was one of the
highest for the entire period of record); the preceding year was
a typical lower than sub-normal one (60% of normal). However,
if one analyzes the percentage of total monthly diversions
typifying the sub-normal, dry and drought years like 1957, 1976
and 1977, the results may look much less optimistic.

The maximum of total diversions of 2.0 MAF (for 1944-78) in
percentage occurred in February 1957 (year of sub-normal
wetness). This volume corresponds to 59% of NRI and 61% of NDO
for February. (NRI for the preceding December and January
corresponded to the category of critical dry months with a
recurrence interval of at least once in 8-12 years.)

The next highest percentage (65%) of diversion was
documented for March 1977, although total volume was only 0.35
MAF.

It should be stressed that in this case, as for other
similar cases, (January and February 1577), the diversion
reduced RDO to such small values that probability of exceedance
fell beyond the frequency curve for NDO. This may mean at least
once in several hundred years RDO may be within the range of 0,2-
0.3 MAF. Under these conditions the Bay and Delta were nearly
out of water.
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The dynamics of water consumption for these months can be
seen from Tables II. 36, 37.

Table II. 36 Upstream, Delta and total diversions (MAF)
from the Sacramento-San Joaquin River Basin

(February)
Years Upstream Delta Total
1921-43 -4.2 -4.87 -9.07
1344-66 -8.1 +1.00 -7.1
1967-78 +0.2 -0.7 -0.5

Table II. 37 Upstream, Delta and total diversions (MAF)
from the Sacramento-San Joaquin River Basin

(March)
Years Upstream Delta Total
1921=-43 -3.7 +4.0 +0.5
1944-=-66 -15.2 +0.5 -14.7
1967-78 -17.3 -2.,7 ' -20.0

The doubling of average upstream and total diversions for
February 1944-66 compared to 1921-43 may be explained by the
addition of new facilities of the SWP.

The peak of upstream, Delta and total average diversion was
reached in March of the 1967-78 period, which is many times
greater than for 1921-43.

II.2.6.2 Statistics of Spring Runoff and Diversions

Pre-Project Period, (1921-43)

During this period the percentage of diverted water for
April, May and June varied within the predominant ranges of 10 to
35%, 20 to 40% and 25 to 45% respectively, and the ranges of
their absolute values were 0.5-1.4 MAF, 0.7-1.9 MAF and 0.2 to
1.4 MAF respectively (Figs. II. 55-57).

In the majority of cases it appears that the amount of
upstream diversions relied more upon entitlements for water than

IT.40



on water availability corresponding to the wetness of the vyear.
This assumption is based on the fact that generally the amount of
water diverted for each of the spring months, varied only + 30%
of the mean until the project operations began.

For example, in 1924 and 1931, two of the driest Aapril
months observed under natural conditions (recurrence of not less
than once in 20-50 years; 95-98% probability of occurrence),
diversions of 0.6 and 0.9 MAF corresponded to more than 50 and
64% of their natural monthly means of 1.2 and 1.4 MAF for those
years.

It is assumed such levels of diversion might have a much
greater impact on the intensity of salt intrusion into the Delta
than diversions for April 1982 of almost 1.2 MAF, (38% of the
mean; slightly higher than a month of sub-normal wetness, with a
recurrence interval of at least once in three years) .

The system experienced consistent losses in water supply
during April of the pre~project period (Fig. II. 51) with the
exception of 1928 and 1940, which were wet and preceded by a
majority of years of high wetness.

The same regularities characterized May and June for the
pre-project period.

For example, maximum diversions during May and June were 77%
(1931) while their natural inflow was only 1.3 and 0.6 MAF
respectively (probability of 95%, or recurrence of once in 20
years; see Figs. II. 52, 53 and Table II. 38).

It is important to emphasize that the residual inflows to
the Delta for these examples of April, May and June were so low
that they correspond to recurrence intervals under unimpaired
conditions of at least once in 100 years which are very rare
events for the natural combined inflow to the Delta. Their
volumes were 2.5-10 times less than the volume of the Delta water
body itself. It is likely that an essential part of this water
was lost to evapotranspiration and other consumptive uses,
especially for June, which had no net Delta ocutflow.

Spring

Post-Project Pericd

This period, especially since the late 1940's, was
characterized by a steady increase in absolute values as well as
percentage of diversions that ultimately led to significant
reduction of NRI and NDO.

It is important to emphasize that the post-project period
did not experience the same severe natural reduetion of runoff as

was the case in 1929-34 and had a relatively stable water supply
to the system.
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However, the steady development of major water storage
facilities led to such growth of diversion of river inflow to the
Delta that in many instances, the residual inflow for these
months was almest equal to the runoff typical of sub-normal and
critical dry periods observed during the pre-project conditions.
May upstream diversions were much higher than those of April and
June in absolute values and also more frequent (see Table II. 5
and Figs. II. 51-53).

The predominant range of diversions in April, May and June
for this period was 40-55%, 55-65% and 45-60% respectively, but
in absolute values they were 1.5-2.0 MAF, 1.6-3.0 MAF and 1.0-2.0
MAF respectively, or 1.3-2 times higher than for the pre-project
conditions.

The lowest volumes of water diverted for these months (0.4-
0.8 MAF) were observed in 1976 and 1977, but they corresponded to
45-54% of the unimpaired runoff which itself was critical 1low.
For example, the runoff of April, May and June for 1976
corresponded approximately to recurrence intervals of at least
once in 17, 13 and 20 years, and for 1977, once in 50, 50 and 20
years, respectively (Table II. 38).

The highest percentage of diversion was observed in April
1972-sub-normal wetness (69% of the natural river inflow of 2.9
MAF), and in May 1973-wet year (67% of 5.4 MAF).

In June of 1976, the increment of 0.063 MAF to the record
low natural inflow of 0.64 MAF suggests that there was no water
left to be discharged into the Delta and as such, this addition
represents either a small release or reflects measurement error.

The steady increase of diversions during these months of
spring in the post-project period reflects the fact that since
1966, coinciding with the overall decrease of wetness and
therefore increase in years of sub-normal runoff (with the
exception of the years 1967, 1969 and 1974, April), the residual
inflow to the Delta-San Francisco Bay ecosystem corresponded to a
low would-be natural inflow characterized by a recurrence
interval not less than one time in 20-50 or even 100 years.
However, for the same period the majority of values of natural
inflow to the system corresponded to above normal and sub-normal
years of wetness with a much higher recurrence interval (at least
once in 2-4 years). Flow levels that were once rare events have
beccme a common feature of the system.

This suggests that on an annual basis (as also will be shown
for 5-year running means) the river-Delta-Bay environment
currently has to cope with successive years of spring runoff
which would be expected to occur only as very rare events under
natural conditions.

For example, the extremely low natural inflow of 0.8 and 1.0
MAF for April and May 1977 was observed only once in the 58 year
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period, but since 1966 under requlated conditions this value or
even less was observed under requlated five times in April and
six times in May. This would appear to be the result of
diverting 50 to 77% of upstream water during these years.

Similarly, the lowest range of natural inflow for June (0.5-
0.8 MAF) was observed five times in 58 years; however, for the
period 1966-78, the same range was observed six times under
regulated conditions.

Considering these thirteen years as well as the previous 46
(especially the period since the inception of project operations)
the river system and the Delta were deprived of such large
amounts of spring runoff (and chemical constituents carried by
the water), it is not surprising that many changes have developed
under the impact of this complex runoff transformation.

Table II. 39 Upstream, Delta and total diversions (MAF) from
the Sacramento-San Joaquin River Basin

(April)
Years Upstream Delta Total
1921-43 -11.4 -3.4 -14.8
1944-66 =-37.0 -1.8 -38.5
1967-78 -16.2 -3.8 -20.0

Table II. 40 Upstream, Delta and total diversions (MAF) from
the Sacramento-San Joaquin River Basin

(May)
Years Upstream Delta Total
1921-43 37 .1 <247 -25.1
1944-66 i . B =80 -46.5
1967-78 -39.2 | EbeS ~55% &
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