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PREFACE

This report is one of seven documenting the findings of Rand’s study of water
use efficiency in California. The study was commissioned by the California State
Assembly in the autumn of 1976 and was supported in part by a grant from the
Rockefeller Foundation. Its purpose was to examine current water use efficiency
and to suggest ways to improve it. The focus of the study was deliberately set
statewide, although particular areas of the state receive attention in some reports.
It was not designed to solve problems that have drawn recent attention, such as the
1976-77 drought and its exacerbation of the groundwater overdraft problem in the
San Joaquin Valley. Rather, the focus has been widened across a broad expanse of
time and across all sources and uses of water. It is a study of long-range water use
problems and solutions, rather than of immediately perceived short-term problems.

This report in the series examines the opportunities for improving efficiency by
increasing the integrated management of water storage in the ground and in sur-
face reservoirs. Study recommendations are included in a summary volume
(R-2385-CSA/RF). The companion reports are: ’

Efficient Water Use in California: Executive Summary, by Charles E.
Phelps, Morlie H. Graubard, David L. Jaquette, Albert J. Lipson, Nancy Y.
Moore, Robert Shishko, and Bruce Wetzel, R-2385-CSA/RF, November
.1978.

Efficient Water Use in California: Water Rights, Water Districts, and
Water Transfers, by Charles E. Phelps, Nancy Y. Moore, and Morlie H.
Graubard, R-2386-CSA/RF, November 1978.

Efficient Water Use in California: Groundwater Use and Management, by
David L. Jaquette and Nancy Y. Moore, with Albert J. Lipson, R-2387/1-
CSA/RF, November 1978.

Efficient Water Use in California: The Evolution of Groundwater Manage-
ment in Southern California, by Albert J. Lipson, R-2387/2-CSA/RF,
November 1978.

Efficient Water Use in California: Economic Modeling of Groundwater
Development with Applications to Groundwater Management, by Bruce
Wetzel, R-2388-CSA/RF, November 1978.

Efficient Water Use in California: Water Supply Planning, by Nancy Y.
Moore, Morlie H. Graubard, and Robert Shishko, R-2390-CSA/RF, Novem-
ber 1978.

These reports should be of interest to those céncerned with California water policy
and its implications for other states and the nation.
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SUMMARY

Conjunctive use of California’s ground and surface reservoirs is technically
feasible and economically advantageous. The analysis reported here confirms this
fact and reaches several additional conclusions. In the absence of political, legal,
and institutional barriers, water planners throughout the state should undertake
a conjunctive management program that is more aggressive than those currently
planned. Furthermore, with even modest improvements in weather forecasting
reliability, integrating long-range (3 to 6 month) forecasting with ground and sur-
face reservoir management will prove even more economically advantageous to the
water users in the state.

Additional water can be developed from the state’s existing physical facilities
by management strategies that release more carryover storage water for convey-
ance to groundwater basins throughout the state. Although this strategy is risky
in that the subsequent year’s runoff might fail to resupply the surface reservoir,
a large project, such as the State Water Project or the Central Valley Project, isin
an excellent position to underwrite an insurance against the risk. Project ground-
water can be repumped at project expense from groundwater basins during times
when excess groundwater pumping capacity exists. The extra water released under
this plan is never lost—its recovery simply requires energy. When runoff is heavy,
it is recaptured by the surface system, thus developing new water yield.

Whether a statewide project or a more local groundwater basin management
district owns and manages the plan may be an important political factor in imple-
menting this plan. From a physical and economic point of view, there is no differ-
ence between local versus state conjunctive management, as long as water proﬁts
and water transfers can be made and take place freely.

A simulation of the operations of year 2000 facilities was conducted to illustrate
the quantity of and cost of developing new yield. Increased conjunctive use was
most profitable in areas with high groundwater tables, such as found in the Sacra-
mento Valley. Increased conjunctive use can generate significant amounts of new
yield at costs less than the $150 per acre-foot costs of water from many new physical
facilities being planned. Conjunctive management plans are more profitable for
reservoirs with higher inflow to storage ratios, such as Shasta, than for reservoirs
with lower inflow to storage ratios, such as Oroville.

Since increased conjunctive use is economically viable and physically feasible,
and since increasing reliability of long-range weather forecasts makes it even more
advantageous, the state should direct attention to overcoming the political, legal,
and institutional barriers to conjunctive management. The nature of these barriers
and alternatives to achieving implementation of conjunctive management and
groundwater basin management are discussed in companion reports.
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I. INTRODUCTION

A number of knowledgeable researchers on water systems planning and man-
agement, including members of the state’s Department of Water Resources (DWR),
have recommended integrated management of surface and groundwater reser-
voirs. In this report from Rand’s California Water Study, we demonstrate that
under an integrated management plan significant quantities of new water can be
developed at costs considerably less than the costs of new water from major facili-
ties proposed for the state. Furthermore, a plan that takes into account modest
advances in weather forecasting technology that seem possible by the year 2000
could be even more economically advantageous.

Increased conjunctive use, as integrated management of surface and ground
reservoirs is called, has political, technical, and legal problems. Other reports from
this project will address these problems and the barriers they create to improving
the efficiency of water use in the state. Although in the present report we have
ignored the various problems associated with implementing integrated manage-
ment policies, the report can be used to estimate the economic advantages to the
state and to water consumers of overcoming them.

Generally we found that the optimal conjunctive management plan is more
aggressive than the plan currently being considered.’ Our analysis indicated spe-
cifically that:

1. Conjunctive management is most profitable in areas with high groundwa-
ter tables, such as the Sacramento Valley.

2. Conjunctive management is most profitable in river systems with high
ratios of average inflow to reservoir storage capacity. Thus Shasta is more
productive than Oroville in our proposed aggressive conjunctive manage-
ment plan.

3. More aggressive conjunctive management can develop significant
amounts of new water, perhaps delaying the need for new facilities whose
annual capital charges alone will exceed $150/acre-foot.

4. Conjunctive management plans benefit greatly from even modest im-
provements in the reliability of long-range weather forecasting. A reser-
voir operator can use the forecasts to modify operating strategies, making
greater releases of water when wet weather is predicted and smaller ones
when dry weather is predicted.

5. Since increased conjunctive use is economically viable and physically fea-
sible, the state should direct attention to overcoming the political and
institutional barriers to conjunctive management.

! The planning for conjunctive management within the state is really just beginning. Regional
interests and local districts, on the other hand, have been conducting conjunctive management for
several years. The state DWR has plans to supplement the State Water Project’s yield by some 400,000
acre-feet per year. The plan’s general description is contained in DWR reports and in submissions to
the legislature made in 1977 during the debate over S.B. 346, the Peripheral Canal bill. A number of
reports provide the operating detail of the state’s proposals. Some of these are reviewed in the compan-
ion report R-2387/1-CSA/RF, Efficient Water Use in California: Groundwater Use and Management.

The basis for our work in the present report is the year 2000 operations simulation, which contains
the DWR’s groundwater plan for 400,000 acre-feet per year. Thus, when we overlay our new groundwa-
ter conjunctive use plan on this simulation, we are testing the economic viability of additional yield
beyond 400,000 acre-feet per year.

1
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DESCRIPTION OF CONJUNCTIVE MANAGEMENT OF SURFACE
AND GROUNDWATER RESERVOIRS

When groundwater reservoirs are available to a major sector of the water
consumers served by a surface water system, opportunities exist for using manage-
ment tactics to operate both the surface and groundwater reservoirs conjunctively.
Such a situation exists throughout most of the Central Valley of California, in
Southern California, and in other important areas of the state.

Many studies, including those made by the DWR, have demonstrated that
conjunctive management, a software tactic, can generate new increments of water
cheaper than can the building of hardware, the physical facilities, such as surface
reservoirs.

In this report we describe an aggressive conjunctive use proposal for managing
groundwater. We examine the possibility and profitability of increased conjunctive
use of two surface reservoirs—the State Water Project’s (SWP) Oroville Reservoir
and the Central Valley Project’s (CVP) Shasta Reservoir—with groundwater reser-
voirs. These reservoirs represent just two of many surface reservoirs that might
prove profitable to study. A complete study would examine all such reservoirs
together and would select composite operating strategies that would allow optimal
release of increments of water from the various reservoirs.

The basic features of our proposed management program are as follows: Re-
leases in excess of customer needs are made from the surface reservoir. This water
is delivered through the system to water contractors for groundwater recharge.
Recharge can be direct, by flooding spreading grounds, or indirect, by making
surface delivery to a current pumper (called in-lieu groundwater recharge). Most
water in a controlled release finds its way into the groundwater basin. The project -
manager orders releases for conjunctive use during months when gravity recharge
in recharge ponds or in-lieu recharge is feasible. Because of water availability and
delivery capacity, September through December are considered the prime months
in which to make such releases.

During the following year, should runoff into the surface reservoir be high, the
entire (or some part of) the special release just described is recaptured by the
surface system and thus new water is developed. Should runoff prove to be low, a
shortage over what could have been delivered may occur.

To illustrate the feasibility of such a plan, we assume that all shortages are met
by repumping water from the ground, at the project operator’s expense. Customers
with both surface and groundwater systems would accept less surface water and
would pump more groundwater. The additional costs incurred by the customer for
doing this are paid for by the reservoir operator, the SWP, or the CVP, as part of
the overall project plan. The important point here is that no customer would suffer '
and most would benefit. This will assure that consumers receive all the water that
would have been delivered without the conjunctive management system. The
project acts as the insurer of the management plan by bank-rolling the disasters and
reaping the benefits from increased sales of water.

ISSUES NOT ADDRESSED IN THIS REPORT

Several issues important in determining the practicability of conjunctive man-
agement are not specifically addressed at this time: (1) water quality—pumped
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groundwater may be of lower quality, therefore additional penalties may have to
be paid by the project to consumers pumping their allocation of project water from
the groundwater reservoir; (2) institutional, legal, and other political aspects; and
(3) the economic aspects, such as the cost and profit sharing among the participants.
Some of these issues are addressed by Phelps et al. in the companion report on
water property rights [1].

Political, legal, and institutional barriers are restricting the DWR’s present
plans for modest conjunctive use management experiments. Water districts typical-
ly are reluctant to cooperate with the state, reasoning as follows:

1. No spreading or conveyance facilities exist beyond those essential to the
district’s current or planned needs.

2. Any excess water that the state plans to recharge for its own account
should be sold instead to the district for its own recharge program.

3. If the groundwater basin beneath the district is used to benefit others
throughout the state, pumpers on this basin will suffer somehow under the
state management necessarily implied by the program.

4. Rather than search for management tactics to increase water yield from
current physical facilities, the state should build more facilities to increase
yield.

In this simple analysis, political constraints are ignored. Although the problems
of gaining the support and cooperation necessary to increase water yield through
aggressive conjunctive use management are significant, here we are trying simply
to assess the economic benefits of such cooperation. Should the rewards prove large
enough, they may be shared in a way that would increase the incentives for con-
junctive use of groundwater basins.?

As companion Rand reports from this California Water Study point out, the key
to success in overcoming political, institutional, and legal barriers is simple. The
farmers, water districts, or contractors must directly benefit by entering into any
cooperative conjunctive management program. As the present report indicates,
substantial monetary benefits accrue to the people of the state from more efficient
management, whether it is through the CVP or the SWP. These benefits are in the
form of reduced marginal costs for some increments of newly developed water.
Since the landowners overlying the groundwater basins have a valuable and scarce
resource that the project needs to implement this proposal, some part of these
benefits should be distributed in the form of rent as an incentive for cooperation.

DATA NEEDS IN THIS ANALYSIS

We assume that the groundwater reservoirs are located in the service district
of each project’s delivery system. Historic inflows to these reservoirs, their operat-

2 Don Qwens of the DWR, during testimony at a public hearing held at Chico State University in
November 1976 [2], made it clear that the department intends to make the participants, the overlying
landowners on these cooperating basins, and the SWP contractors all better off by undertaking this type
of conjunctive management. He said, “We don’t propose to come in here and buy any of your land or
your water rights. We intend to negotiate agreements where ‘we would pay you back dollars, water
services, whatever, however we can work it out for the use of that water during dry and critical yea}'s”
(p. 78). He also commented, I think that our agreement would have to be wider than with the overlying
landowners to wherever the influence of the pumping went—we would have to have some way to
compensate them for any additional pumping they would incur because of our activity” (p. 98).



ing strategies, their costs, and associated water losses are all factors in determining
the amount of water and the costs generated by the conjunctive use policy for
surface and groundwater systems.

The historical data used in this analysis come from the Year 2000 Central
Valley System Operation Study, conducted by the DWR in 1977 [3]. Fifty years of
historic flows (reduced by the projected year 2000 upstream or in-stream consump-
tion) are fed through the physical plant planned for the year 2000. The system is
operated to meet year 2000 demands and any other conditions such as those im-
posed by the State Water Rights Control Board.



II. CONJUNCTIVE OPERATIONS WITHOUT WEATHER
PREDICTION

DESCRIPTION OF BASE CASE OPERATIONS

From the historical data in the year 2000 study, Tables 1 and 2 are constructed,
showing annual inflow, storage levels at the beginning of the calendar year, and
water delivery at O’Neill Forebay for both the state’s Oroville and the CVP’s Shasta
Reservoirs. Water delivery at O’Neill Forebay is assumed to represent the de-
livered water to customers.! The data in these tables are plotted in Figs. 1 and 2
and show the relationship between total water available for allocation and actual
deliveries. Total water available for allocation in any year is the sum of carryover
storage from the previous year and current-year inflow. A rough relationship clear-
ly exists between the reservoir’s allocatable water and the project’s delivered
water. The breakpoint at which the surface system becomes saturated seems to
occur at about 6.5 MAF for both Shasta and Oroville. The fact that both reservoir
systems saturate at 6.5 MAF of allocatable water is pure coincidence. For quantities
above 6.5 MAF, more export apparently cannot be made physically, or perhaps is
simply not demanded.

Other factors certainly will influence deliveries at O’Neill Forebay. The pri-
mary ones are (1) San Luis Reservoir water quantity and (2) any unused flows down
the Sacramento. Flows down the Sacramento vary with amount of carryover stor-
age, in-stream uses, and deliveries to users downstream and on-stream. Thus many
factors affect the amount of water available at the export pumps in the Delta and
the amount of deliverable water.

We also note a high degree of positive correlation between the runoff statistics
for all Northern California rivers. For example, in years of high runoff on the
Feather River, the Sacramento River Basin is likely to be high. Thus the amount
of excess water in the Sacramento is highly correlated with runoff into either
reservoir.

To detect the influence of all the factors on deliveries of water, one would need
to construct either a multiple regression model or a mathematical model of the
physical process. In the physical representation, one would need all the details of
both the physical processes and the system’s management.

For the demonstration purposes of this report, the simple “eyeball” regression
lines of Figs. 1 and 2 serve to prove the points made. Note that all these points come
from the data representing a single overall management plan. The scattering of the
data points in these figures represents the fluctuation in amounts of delivered water
coming both from natural causes, such as variable runoff throughout the months
of the year and runoff in other river basins, and from human imposed causes, such
as power or recreational factors that affect management, and timing of scheduled
demands, to name but two.

1 The CVP’s Shasta Reservoir delivers water to the Sacramento Valley (roughly 3 million acre-feet
(MAF) per year) and to customers on the Delta Mendota Canal (roughly 1.6 MAF/year) as well as out
the O’Neill Forebay (roughly 2.2 MAF/year). The SWP delivers some Oroville water to the north of the
Delta.



Table 1

OROVILLE RESERVOIR INFLOW AND STORAGE,
AND SWP DELIVERIES

(In thousands of acfe;féég: 1922-1970)

Total SWP 0'Neill
Carryover Available Forebay
Year Inflow Storage@ for Release Deliveries
1922 4640 2390 7030 3380
2840 2540 5380 2980
) 1410 2560 3970 2420
1925 2620 1770 4390 3350
2690 2210 4900 2830
4800 2400 7200 3530
3760 2620 6380 3480
1730 2430 4160 2420
1930 3290 1850 5140 2790
1510 2560 4070 2420
2750 1920 4670 2790
1810 2390 4200 2420
1890 2090 3980 2360
1935 3510 1900 5410 3350
3660 2560 6220 3380
2690 2570 5260 2780
7670 2570 10240 3530
2070 2520 4590 2780
1940 4950 2130 7080 3380
5830 2510 8340 3530
6210 2530 8740 3630
5260 2530 7790 3630
2530 2540 5070 2930
1945 3310 2520 5830 2980
3760 2520 6380 3380
2330 2560 4890 2830
3250 2230 5480 3380
2280 2640 4920 2830
1950 3400 2380 5780 2980
5100 2540 7700 3530
7200 2540 9740 3630
4810 2540 7350 3630
3970 2540 6510 3480
1955 2290 2500 4790 2830
7000 2380 9380 3530
3500 2500 6000 3080
6170 2500 8670 3530
2800 2530 5330 2930
1960 2840 2390 5230 2980 |
2280 2380 4660 2830
3140 2300 5440 2980
5760 1950 7710 3530
2280 2580 4860 2930
1965 6090 2370 8460 3530
2710 2520 5230 3080
5560 2570 . 8130 3530
3180 2520 5700 3080
6370 2470 8840 3530
1970 5690 2520 8210 3630
5370 2480 7850 3630

Mean 3850 2410
SOURCE: Ref. 3.

a ' .
December's storage is taken as year-end storage.



Table 2

SHASTA RESERVOIR INFLOW AND STORAGE, AND CVP DELIVERIES
(In thousands of acre-feet: 1922-1970)

Total CVP 0'Neill CVP Delta
Carryover Available Forebay Mendota Canal

Year Inflow Storage? for Release Deliveries Deliveries
1922 4490 2500 6980 2220 1680
3610 3380 6990 2220 1680
2440 2920 5360 1620 1360
1925 5030 2050 7080 1970 1650
3700 2010 5710 2220 1680
6870 1430 8300 2220 1680
5040 3070 8110 2220 1680
3180 2770 5950 1970 1680
1930 4140 1780 5920 1870 1680
2530 2040 4570 1520 1360
3610 920 4530 1360 1330
3430 1490 4920 . 1360 1330
3320 1220 4540 1360 1330
1935 4830 1460 6290 1970 1650
4580 2060 6640 2220 1680
4080 2300 6380 2220 1680
9310 2210 11520 2220 1680
3460 3700 7160 1970 1680
1940 6950 2610 9560 2120 1680
8630 2640 11270 2220 1680
7540 3700 11240 2220 1680
- 5820 3700 9520 2220 1680
3630 2970 6600 2220 1680
1945 4790 1900 6690 2220 1680
5830 2920 8750 2220 1680
3870 2550 6420 2220 1680
5340 2310 7650 2220 1680
4240 3350 7590 2220 1680
1950 4070 2970 - 7040 2220 1680
6270 3010 9280 2220 1680
7700 3190 10890 2220 1680
6510 3700 10210 2220 1680
6530 3700 10230 2220 1680
1955 4080 3120 7200 2220 1680
8730 2620 11350 2220 1680
5330 3700 9030 2220 1680
9640 3490 13130 2220 1680
) 5090 3700 8790 2220 1680
1960 4701 3190 7890 2220 1680
5060 2380 7440 2220 1680
5210 2850 8060 2220 1680
6890 2730 9620 2220 1680
3850 3300 7150 2220 1680
1965 6910 2190 9100 2220 1680
5300 3410 8710 2220 1680
7330 3030 10360 2220 1680
4750 3700 8450 2220 1680
7600 3090 10690 2220 1680
1970 7860 3700 11560 2220 1680
7270 3010 10280 2220 1680

Mean 5420 2750
SOURCE: Ref. 3.

a .
December's storage is taken as year-end storage.
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Figure 1 indicates that when total supply is less than 6.5 MAF, the marginal
ratio (slope of line) of deliveries to supply is 0.43. Forty-three percent of supply
increase in the Oroville Reservoir is delivered. Instream uses, Delta requirements,
and Feather (or Sacramento) River service areas all use the major part of any
normally released water. We later assume that when extra water is released by a
change in management tactics, close to 100 percent of it is available for export. Thus
we assume that the in-stream uses, Delta requirements, and river service area
demands remain essentially unchanged by the special release. Less than 100 per-
cent of released water is deliverable if some wastage occurs or if unavoidable losses
or uses are found to occur.

Runoff into the Feather River system above Oroville has been measured for 57
years and is tabulated in Ref. 4. A histogram of the unimpaired runoff and its cumu-
lative distribution function appear as Figs. 3 and 4, respectively. The DWR antici-
pates a 10 percent reduction in flow by the year 2000 as upstream users increase
their consumption of water. Rights to consume this water are determined by the
water’s county of origin and riparian and groundwater laws. This report takes
these anticipated reductions into account. A similar histogram of inflow and its
cumulative distribution function for impaired year 2000 inflow into Shasta appear
as Figs. 5 and 6.

20—

A5 —

Probability

A0

05—

0 1 2 3 4 5 6 7 8 9
Unimpaired inflow into Oroviile {in MAF)

SOURCE : Ref. 3, pp. A-1 and A-2.

Fig. 3 — Histogram of unimpaired inflow into Oroville
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Unimpaired inflow into Oroville (in MAF)

Fig. 4 — Cumulative distribution function of unimpaired
inflow into Oroville

THE IMPACT OF ASSUMPTIONS ON THE STORAGE
DECISION

The optimal year-end storage level can be calculated under a variety of assump-
tions about the predictability of next year’s runoff. In this section we examine the
operating strategy for setting the year-end reservoir level, without regard to weath-
er predictions. Because we made only rough guesses about the optimal level to
demonstrate the calculations, the conclusions drawn from this study will indicate
direction to procede rather than the actual optimal levels. Selection of an optimal
level is quite dependent upon the following assumptions.

Power

The management policy proposed here causes variation in the amount and
value .of electric power generated by the reservoir. Power is generated six months
or so earlier in the year because the reservoir is lowered in the fall. During the
heavy electric loads of summer, power has several times the value placed on it
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SOURCE: Ref. 2.
Fig. 5 — Histogram of impaired inflow into Shasta
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Fig. 6 — Cumulative distribution function of impaired inflow

into Shasta
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during periods of low electrical demand. Thus the value of electric power varies
thoughout the year. We assume for the purposes of this study, that no significant
impact on total value of power results from changes in the timing of power genera-
tion.?

The amount of power generated is proportional to flow passed through the
turbines and the head difference (the altitude the water drops). Our aggressive
management plan would increase the water quantity flowing through the turbines
and would reduce the head difference.

Heavy inflow can force reservoir operators to spill water rather than pass it
through the generators. Under strategies proposed here, there is less probability
of this waste occurring. On the negative side, when the reservoir surface level is
high, more power can be generated from a given quantity of water. Without going
into detailed examination of the power schedule, it would be hard to say whether
these strategies have a net positive or a net negative economic affect on power
generation. Thus we tentatively assume that these various plans will have no
significant effect on the total value of electricity produced.

Water Losses

The delivery system loses water particularly in the Delta. However, since Delta
in-stream and Delta riparian uses and all river service area demands are currently
being met, an extra increment of water delivered through the system should be
virtually undiminished. Whether or not these uses are satisfied under the current
operating plans as implied in the year 2000 operational study [3], our modified
management plan proposes no increase or decrease in such uses. Water losses also
occur during groundwater recharge. We assume that losses from all sources do not
total more than 10 percent. Thus, 90 percent of our added releases will reach the
groundwater basin.

Costs

Any increment of special release water incurs delivery costs within the project’s
storage and distribution systems. Because we focus on an incremental change in
delivery assumed to be within the range of operations of the existing physical
facilities, we are presuming only marginal costs for such delivery. These are power
costs plus a maintenance and repair component.

No marginal delivery cost should be attributed to this special release water
unless it becomes newly generated water. If an increment of water is moved
through the system sooner, rather than later, the costs of delivery should balance
out, except for some small time value of money. If the project can deliver more
water (as we hope to show will be the case), then the marginal delivery costs of this
water are assigned to management plan costs. These costs can be estimated from
Refs. 5 or 6, which summarize the year-end operations of the SWP.

For example, the unit variable transportation charge to Buena Vista is expect-

2 This assumption is the second most critical assumption we make (after assuming some excess
groundwater pumping capacity in dry years). The commercial value of Oroville power (real value, not
contract price) is reported to be greater than $100 million per year. For larger increments of release,
this assumption will break down and the project will lose power value, contributing to the cost of the
aggressive release proposal. More in-depth analysis to estimate this loss is needed.
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ed to be approximately $20 per acre-foot in the year 2000. This amount (see Table
B-12, Ref. 5) includes all reimbursable operating costs that are incurred in amounts
that depend on and vary with water quantities. This $20 is the average variable
component of transportation. A true estimate of incremental marginal delivery
costs of incremental water releases may be much lower than this average figure.

The SWP uses another method to develop a surplus water price, yielding yet
another estimate of the marginal cost of water. For example, Kern County Water
Agency receives surplus water at about $2.50 per acre-foot. Even this appears to
include some fixed costs. The DWR includes the following in developing surplus
water charges: power capacity charges (any such cost that is incurred specially for
surplus deliveries), power energy costs, both proportioned appropriately, a replace-
ment charge (amortization of capital equipment), and administrative costs propor-
tioned. True marginal costs may be lower than this, as power capacity charge and
administrative charges are unlikely to vary with this increment release water.
However, this $2.50 does not appear to include maintenance or operations costs
directly related to delivery of an increment of water. For our purposes we will use
$3 per acre-foot as the marginal cost of delivery to our example areas in the
Sacramento or San Joaquin Valleys. Sensitivity analysis varying this cost may
provide added insight into the accuracy of of this estimate.

Substantial energy advantages may accrue to the project and the state by
pumping water over the Tehachapis during wet years and storing that water
underground in Southern California groundwater basins. During these wet years,
hydropower is plentiful and marginal power costs for this pumping energy are
lower than during dry years. Offsetting these savings is the cost of pumping water
from southern groundwater basins. The DWR continues to study this proposal and
has prepared Bulletin 186 on the San Fernando Basin prototype conjunctive man-
agement program, to be published in 1978. Work on this topic has been published
by the southern district [7]. We do not examine this proposal here. Its viability
hinges on the year-to-year difference in marginal pumping costs brought about by
differences in hydroelectric power. We have assumed constant marginal pumping
costs.

Spreading and recharge costs are separable from normal delivery costs. Many .
water districts operate spreading grounds, thus costs of spreading added state or
federal water should be small. Average spreading cost, taken from a number of
operators of recharge areas, seems to be about $5 per acre-foot. We conservatively
assume $5 per acre-foot, since we believe this is a high estimate of the marginal
costs involved.

Value of Water Generated

The marginal value of water is difficult to estimate. We know from the recent
drought that some water was sold at prices above $100 per acre-foot. On the other
hand, in 1978 surplus water was available and not demanded at prices less than $5
per acre-foot. Some farmers even paid several dollars per acre-foot to have water
removed from their land: To them, flood waters were a burden, and the marginal
value of water was negative.?

% In 1978, farmers in the Kern River area paid the extra charges, about $5 per acre-foot, to have the
Metropolitan Water District (MWD) take their excess Kern River waters through the SWP system. The
MWD thus took Kern River water over the Tehachapis rather than taking Colorado River water.
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Economists traditionally attempt to develop demand curves for commodities
such as water. (The value of water to the consumer would be the price on the
demand curve.) The difficulty in preparing such curves for California’s water is
compounded by the lack of data and the changing technology that shifts or distorts
demand curves over time. Sufficient data are not available to estimate the effects
of all factors.

The variability of water quantity from year to year and the long-term average
amount of water supplied are both statistical measures of quantity delivered. The
price data mentioned above cover the short-term year-to-year variation. Longer-
term values are estimated by the cost that consumers are willing to pay for new
long-term increments of water, such as that generated by the Peripheral Canal, the
Glenn Reservoir, or a Shasta expansion.

We must be careful to make a distinction between long-run water values and
very short-run values, because we are interested here in the long-run value of
annual yield, having little temporal variation.

Important evidence of value is the cost of new yield generated by alternatives
for SWP’s expansion of facilities. The fact that the SWP and the CVP are planning
to bring projects on line before the year 2000 that will cost in excess of $100 per
acre-foot of firm yield ought to indicate that the marketplace has determined that
this is the minimum value of new water to California’s economy.

Even if this last point is debatable, the desirability of substituting this conjunc-
tive management strategy for part of the proposed project expansion can be evalu-
ated by estimating the value of new water yielded from project expansion.

- Research done for the National Water Commission [8] and for the State Assem-
bly as part of this Rand study [1] have again confirmed the existence of great
inefficiencies in water use and allocation across the state. These inefficiencies are
caused by pricing methods, subsidization, and lack of transferability of water, to
name a few of the major factors. Should major changes occur in any or all of these
areas, the marginal value of the water, as determined by the free water market
price, will be reduced, perhaps quite significantly.

By using $100 per acre-foot as the midrange estimate of value in a series of
sensitivity analyses, we will see how this value affects the viability of our proposed
conjunctive management plan.

Extraction Costs and Capacity Availability

The most crucial assumption we make in studying the economic viability of this
proposal to increase available water quantities concerns the availability of pump-
ing capacity (and power) for extracting groundwater and the availability of distri-
bution systems (or in-lieu distribution). If new wells, pumps, or distribution system
components are needed to complete the physical transfer or storage of this new
water, the capital costs of these new facilities may make a proposal such as this
uneconomical.*

The critical test occurs in dry years, for it is then that wells throughout the state

4 The DWR has conducted preliminary studies of conjunctive operations when new wells are in-
stalled. The Sacramento Valley area (Thermalito area and the Stony Creek fan area) would have
project-installed well fields to extract groundwater. This proposal is being offered as a partial substitute
for surface reservoir storage. The DWR reports that this plan is favorable economically with surface
reservoir alternatives (Ref. 2, pp. 78, 102).
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are running full bore during the irrigation months. The amount of excess capacity
and the timing of it (in what months of the year) are unknown at this time. We
assume that excess capacity does exist during the nonpeak irrigation months, and
our special release program will use some of that capacity during dry years to
recover some stored project-owned water.

Even if excess pumping capacity exists now, it will not be available in the long
run, particularly not in the peak irrigation months. Thus marginal extraction costs
are not the incremental costs of extracting groundwater during peak irrigation
months in a drought. Groundwater extraction can be made throughout the year to
satisfy municipal and industrial demands without drawing on the surface storage
systems as long as facilities exist to convey pumped groundwater. While convey-
ance exists in Southern California, it does not in the San Joaquin Valley, except in
the off:peak season, for example October through February, when some excess
pumping capacity would exist. Trading of extra groundwater pumped by excess
capacity in such months would supplant surface deliveries usually scheduled in
these months.

Pumping capacity may exist in months of light irrigation, such as August and
September, or March and April. This excess capacity could be included in the
conjunctive strategy. The amount of this excess capacity is not definitely known,
but we will assume that all that is needed is available. This will allow us to make
a determination of the upper bound on water conserved and the economic savings
of this plan.

Given that sufficient capacity exists, marginal extraction costs are the relevant
costs of-the strategy. These are roughly estimated at $40 per-acre foot from wells
of 400 ft depth, $20 per acre-foot from 200 ft depth, and $5 for wells pumping from
50 ft. These costs include marginal energy costs, marginal operations, marginal
- maintanence, and marginal replacement costs. (Each of these, by definition, is
associated with the increment of groundwater pumping required.) [9]

Risk and Uncertainty

The amount of water available in any year is uncertain because of the un-
predictable amount and timing of precipitation. Water project operations cause
some nonrandom variability in water supply, but this does not contribute to the
uncertainty. The riskiness of water supply (or demand) arises primarily from the
economics of farming activity. When supply falls short of demand, potential farm-
ing profits are not received. Generally speaking, demand has a small random com-
ponent and thus the supply fluctuations generate virtually all of the risk.

The projects have developed a concept called “firm yield” or “Class I’ water,
which refers to an amount of water they feel can be delivered, considering statistics
on frequency based on the historic dry period of 1928-1934. Water that can be
delivered in excess of this yield is called “surplus” or “Class II” water. Using these
concepts, a two-piece, decreasing rate pricing structure has been developed.

The incentive of the project planners and operators is to design and operate
projects to maximize firm yield. Both of the state’s two major projects, the SWP and
the CVP, actually operate their systems under policies derived historically from the
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seven year (1928-1934) dry period, and from long-term contracts with their contrac-
tors.®

The groundwater management being proposed in this report would generate
additional invariable amounts of water annually (based on the assumptions made
concerning availability of groundwater pumping and conveyance facilities during
the driest of years). Although such additional amounts of water would have slightly
more economic value than firm or Class I water, we ignore this difference. It could
help offset the weakness of the assumption concerning groundwater pumping ca-
pacity.

From the project level to the user level, virtually all water planning or manage-
ment activity is risk-averse. The relationship between water quantity and Califor-
nia’s economy is nonlinear, with decreasing marginal value in every end use. An
optimal strategy over a period of years can be approximated by the strategy that
maximizes the minimum delivered water over the period. Thus maximizing the
firm yield by design and operation is a reasonable strategy. However, we should
note that maximizing firm yield of the entire system (including the groundwater
reservoirs and conjunctive management) results in substantially different oper-
ational policies and project facilities than would simply maximizing firm yield of
a single surface reservoir.

The complete set of critical assumptions and parameter values is summarized
in Table 3.

Table 3

BASIC ASSUMPTIONS AND PARAMETERS

Parameter or Factor Symbol Base Case Assumed Range
Power No change -
Water losses 10% None
Marginal delivery costs $3/AF None
Marginal spreading costs $5/AF None
Value of water generated v $100/AF $17-$250
Groundwater extraction

capacity Adequate -
Pumping costs
Fixed component None relevant -
Marginal variable
component mp $20/AF $5,520,540

s The SWP and CVP have been operated this way, but it is obvious that the emphasis on yield results
in resource misallocation. For example, overdrafted areas in the San Joaquin Valley should be more
interested in average water supply than in firm yield. As a specific example, if the Mid-Valley Canal is
to be provided a firm water supply of 500,000 acre-feet, then an upstream storage reservoir with a
capacity of about 3.5 MAF would be required. If the Mid-Valley Canal is operated as a non-firm facility,
then a very much smaller reservoir could be constructed combined with a larger canal. The latter would
undoubtedly be substantially cheaper. Water system designers should keep in mind that maximizing
firm yield is more appropriate for those without access to groundwater reservoirs. Maximizing average
yield may be appropriate for consumers with groundwater reservoirs.



18

ANALYSIS OF OPTIMAL RESERVOIR STRATEGY, WITHOUT
WEATHER PREDICTION: OROVILLE

We calculated the annual net return from the proposed release strategy by
subtracting the average annual additional costs incurred from the value of the
annual average additional water developed. These values and costs are measured
relative to the base case, the operating policy implicit in the series of yearly simula-
tions appearing in the year 2000 operations report of the DWR [3].

To determine the optimal quantity for release, we first find the optimal reser-
voir carryover storage level. Optimal operations would thus release the difference
(if any) between the current year-end level and the optimal carryover level. We
know from simple economic theory that the optimal carryover level occurs at a
point such that the last increment of release would have expected value just equal
to its expected cost (in other words, the marginal benefits equal the marginal costs).
We can write an equation and then solve it to find this optimal carryover level.
Using the assumptions described in the previous section and the cumulative distri-
bution function from Fig. 4 for Oroville inflow (or Fig. 6 for Shasta), the optimal
carryover level, x, results from solving

(V — mp)0.9dx = 3dx + 5dx + Pr (shortage occurring | x)Vdx , 1

where V is the value of marginal units of water, mp is the marginal pumping costs
from the underground aquifer, dx is a small increment of water, and Pr(-) is the
probability that input plus storage x is less than 6.5 MAF (a shortage occurs given
that year-end storage is x).

By reorganizing, using the cumulative distribution function, F( -), to replace Pr
(input is less than 6.5 — x), we can determine the optimal year-end storage level
X as the root of

F(6.5 — x) = (09 (V — mp) — 8/V.

For example if V = 100 and mp = 40, we see that F(6.5 — x) = 0.46. We must
remember to revise the cumulative distribution function F to account for the 10
percent reduction of unimpaired inflow into Oroville. Thus 6.5 — x = 0.9 X 3.7, or
x = 3.17 MAF. This level is greater than the operating carryover storage in Oroville
during the 50 years studied in Ref. 3. Figure 7 shows the distribution of the project-
ed year-end carryover storage in Oroville in the year 2000.

Under these assumed values for new water (marginal value of $100/acre-foot)
and marginal pumping cost ($40/acre-foot), the aggressive groundwater conjunc-
tive use plan that does not incorporate predictions on runoff is not yet demon-
strated to be economically justified. However, because the basic assumptions are
conservative, this does not indicate that additional releases to groundwater reser-
voirs are uneconomical, or that fewer releases to groundwater reservoirs would be
more economical. Furthermore, as we will demonstrate below by means of policy
simulations, the economics of the proposed groundwater release program varies
dramatically with changing assumptions.

First, various values of the new water will be tested against the $40 pumping
costs. Then this pumping cost will be varied. Table 4 shows the the results of this
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Fig. 7 — Histogram of year - end storage at Oroville in the year 2000

analysis for various values of newly developed water and the resultant savings.
Shasta Reservoir will be tested to study the viability of more conjunctive use there.®

These estimates result from a policy simulation using the data in Ref. 3.

Actual marginal pumping costs are likely to be much lower than the $40/acre-
foot used above. This cost may be typical in some parts of Southern California and
the San Joaquin Valley where groundwater levels are fairly deep. In the northern
parts of the Central Valley, groundwater levels are considerably higher, up to
within 20 ft of the surface. Here marginal extraction costs are much lower, since
marginal costs are proportional to pump lift. Instead of $40/acre-foot we might
examine $5/acre-foot as the marginal pumping costs.”

In much of the San Joaquin Valley, pumping lifts are in the range of a couple
of hundred feet. In Tables 5 and 6 we will examine marginal pumping costs of $20

¢ Simulation is the technique used to estimate water yield, costs, and values. The operating rule
suggested by the optimization calculation is simulated using either the 50 years of events from the year
2000 study {3] or a computer model based on simulating these events using random distributions derived
from Ref. 3 for a long period of time (2000 years). This long period of time is thought to make the
sampling error (the variance of our averaged estimates) small enough to be neglected. In any case, no
standard error of estimation was made.

7 In Ref. 9, the marginal power cost per acre-foot per foot of lift, using commercial power from PG&E,
is estimated as $0.085.
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Table 4

AGGRESSIVE CONJUNCTIVE USE POTENTIAL WITHOUT WEATHER
FORECAST AT $40/ACRE-FOOT MARGINAL PUMPING COST:
OROVILLE

Optimal  Annual Quantity Annual Economic
Value of 1 AF Carryover Developed Over Advantage Over

of New Water Storage  the Base Case the Base Case
(%) (MAF) (MAF) ($ million)
100 3.2 0 o
150 2.3 .056% 1.16
200 1.7 .21¢ 11.1

80ver the 50 year period, approximately 8.2 MAF are re-
leased for groundwater storage of which, after some loss,
7.4 MAF are placed in the basin. Approximately 4.6 MAF have
to be repumped. The net gain is 7.4 MAF less 4.6 MAF, or
2.8 MAF, which are available as project yield over the 50
years. This yield is not strictly equatable to "firm yield"
as used by the DWR. It is total water saved in the surface/
groundwater reservoir system. It is stored underground and
can be taken in each of a few dry years or taken equally in
.every year. I assume equally in every year; thus the annual
quantity developed is very similar.to "firm yield." Theo-
retically, this average yield has more value than. "firm
yield," but because of the groundwater pumping capacity con-
_straints that may come into play, this yield is unlikely to
be absolutely available annually.

bEconomic advantage is calculated as follows: Benefits =
2.8 MAF x ($150 - $40)/acre-foot = $308 million. (Water un-
derground is worth $40/acre-foot less than surface water.)
Costs = 8.2 MAF x $3/acre-foot + 8.2 MAF x $5/acre-foot +
4.6 MAF x $40/acre-foot = $250 million. (Benefits - costs) *
50 years = $1.16 million/year.

CAgain, 35.6 MAF are released, 32 MAF are retained under-
ground, and 21.4 MAF have to be repumped to meet shortages.
The net gain is 10.6 MAF.

and $5, under a variety of values for newly developed water. Here we find that the
aggressive groundwater strategy proves more profitable.

Table 5 indicates that if marginal pumping costs were $20/acre-foot and the
value of newly developed water were $100/acre-foot, operating the Oroville Reser-
voir to a 2.1 MAF year-end storage rather than to the amount stored in the current
implicit operational plan [3] would generate 100,000 acre-feet annually.

Given that the State of California has some unused storage with an associated
marginal pumping cost of $5/acre-foot, additional releases from Oroville into the
groundwater basins would be economical even if water were valued at $50/acre-foot.
The Sacramento Valley, where water tables are high, clearly is the most advanta-
geous place to start such a conjunctive use management program. It is there that
marginal groundwater extraction costs are lowest.
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Table 5
AGGRESSIVE CONJUNCTIVE USE POTENTIAL WITHOUT WEATHER

FORECAST AT $20/ACRE-FOOT MARGINAL PUMPING COST:
OROVILLE

Optimal Annual Quantity Annual Economic
Value of 1 AF Carryover Developed Over Advantage Over

of New Water Storage the Base Case the Base Case
$ (MAF) (MAF) ($ million)
50 3.4 0 0
100 2.1 .10% 1.3
150 1.5 .26 15
200 1.3 .28¢ 27

81otal quantities over 50 years (in MAF): 17 spread,
15 saved, 10 repumped, 5 net gain.

b46 spread, 41 saved, 28 repumped, 13 net gain.

56 spread, 50 saved, 36 repumped, 14 net gain. (These

estimates are from a direct simulation based on data in
Ref. 3.)

- Table 6

AGGRESSIVE CONJUNCTIVE USE POTENTIAL WITHOUT WEATHER
FORECAST AT $5/ACRE-FOOT MARGINAL PUMPING COST:
OROVILLE

) Optimal  Annual Quantity Annual Economic
Value of 1 AF Carryover Developed Over Advantage Over

of New Water Storage the Base Case the Base Case
($) (MAF) (MAF) ($ million)
50 2.0 .128 7
100 1.3 .26 12.0
150 .9 .33¢ 30.0

aTotal quantities over 50 years (in MAF): 21.2 released,
19.1 saved, 13.2 repumped.

b56 released, 50.3 stored, 37.5 repumped.
€74 released, 66.6 stored, 50.3 repumped.
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ANALYSIS OF OPTIMAL RESERVOIR STRATEGY, WITHOUT
WEATHER PREDICTION: SHASTA

Conjunctive use management in the CVP system involving the Shasta Reser-
voir is even more advantageous as indicated by Tables 7 and 8.

The underlying assumptions stated at length earlier in this report clearly do not
apply if Shasta is operated below 1 MAF year-end storage.

These two reservoirs, particularly Shasta, have recreational value to society

and the loss, for example, from operating Shasta at levels much lower than the 2.75 --

MAF average year-end water level would become a factor. (This factor may not be
too severe, since these proposed special releases to groundwater storage would
occur in the fall when recreational demands for the reservoirs are light.)

Operating reservoirs at lower year-end levels may prove to generate more
power or less power depending on the strength of two opposing factors. On the
negative side, the time average pressure head under which the reservoir operates
will drop to a point between the current level and the optimal target level calculated
in Tables 7 and 8. With lower pressure heads, the amount of power generated by
a given amount of water is lessened. Under present operation of the Shasta reser-
voir, the CVP generates substantial amounts of power, the revenue from which
offsets the CVP losses from the sale of water at less than cost. The use of the
reservoir to generate more water by means of this conjunctive use program may
result in less power revenue. Similarly, the SWP sells power from Oroville to offset
costs. If California must purchase any extra power to make up a possible deficiency
caused by this strategy, the cost of that power must ultimately be included as a cost
of this strategy.®

On the positive side, extra water is developed just by maintaining a lower level
in the reservoir. This means that less water is released through the dam or over
the spillway to protect against flood when large inflows into the reservoir occur.

That water would generate no power. Under the more aggressive conjunctive use

8 We have tried to obtain a rough estimate or bound on the cost penalty resulting from early
reduction in reservoir level. Oroville at maximum pool height of 900 ft has a surface area of 15,500 acres.
Rough calculations indicate that the pool surface area at the average year-end storage quantity of 24
MATF is of the order of 10,000 acres. At this level, reduction of 1 acre-foot lowers power head by 107*
ft. One foot of reduction would represent less than 1/600th of the head drop used to generate power,
and power is roughly proportionate to head drop. The average annual power generated at Oroville is
about 2.5 X 10° kWh. The period of time during which our proposed groundwater experiment would
lower reservoir levels is about a half-year period from October to May. Thus, 1 acre-foot of release in
October would lower head for power generation until spring, when input will have restored the lost
water level. The reduction in annual electricity generated is found as follows:

2.5 X 10° kWh/year X % year X 10~* ft/acre-foot
X 1/600 kWh per kWh-ft = 208 kWh/acre-foot

If each kilowatt-hour has a marginal value of $.03, this means that the release of 1 acre-foot costs
about $6 in lost power. This puts a rough estimate on the magnitude of the added costs of an aggressive
release of 1 acre-foot. Equation (1) could be modified to become:

(V — mp)0.9dx = (3dx + 5dx + 6dx) + Pr (shortage | x)Vdx.

If this changAéig made to the calculations of Table 5, line 2, the optimal year-end level is increased
to 2.5 MAF from the prior 2.1 MAF. Line 3 would become 1.8 MAF from the prior 1.5 MAF.

The exact change to be made in Eq. (1) would take into account the effect of having a good runoff
year, the exact reservoir surface area as a function of reservoir storage, the head and efficiency of power
generation, and the power demands during the October to May period. While inclusion of the cost
penalty for power appears to reduce the profitability of the aggressive plan slightly, the fundamental
principles as discussed throughout this report still apply. The inclusion of the cost of lost power is a
required part of a complete exact analysis but was omitted here to make the analysis as simple as
possible and still convey the principles involved.
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Table 7

AGGRESSIVE CONJUNCTIVE USE POTENTIAL WITHOUT WEATHER
FORECAST AT $40/ACRE-FOOT MARGINAL PUMPING COST:

__ SHASTA .
Optimal Annual Quantity Annual Economic
Value of 1 AF Carryover Developed Over Advantage Over
of New Water Storage the Base Case the Base Case
&) (MAF) (MAF) ($ million)
50 very large none none
60 2,75 .262 2.2
100 1.5 .83P 27
150 1.0 1.0¢ 74

47otal quantities over 50 years (in MAF): 15.3 re-
leased, 13.8 stored, 0.74 repumped, net gain of 13.1.

b63.7 released, 57.3 saved underground, 15.6 repumped,
41,7 developed. ’

€36.8 spread, 78.1 retained underground, 27.9 repumped,
net gain of 50.2 MAF.

Tableigw

AGGRESSIVE CONJUNCTIVE USE POTENTIAL WITHOUT WEATHER
FORECAST AT $5/ACRE-FOOT MARGINAL PUMPING COST:
SHASTA

Optimal  Annual Quantity Annual Economic
Value of 1 AF Carryover Developed Over Advantage Over

of New Water Storage the Base Case the Base Case
(3) (MAF) (MAF) ($ million)
17 2.75 .26% 1.1
50 0.5 1.1b 29
100 0.0 1.2¢ 90
150 0.0 1.2¢ 150

aTotal quantities over 50 years (in MAF): 15.3 re-
leased, 13.8 stored, 0.74 repumped, net gain of 13.1.

b112 released for storaged or in-lieu groundwater

replenishment of which 101 are saved, 44 repumped, net
gain of 57.

€138 released, 124 placed in the ground, 62 re-
pumped, net gain of 62.
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strategy implied by Tables 7 and 8, more water would pass the turbines, therefore
more power would be generated. Whether these two effects, one positive and one
negative, balance is not studied closely in this report.

The $40, $20, and $5 marginal pumping costs are valid only if new wells, new
pumps, and new distribution systems are not required. Some marginal capacity
exists at present, particularly in off-peak agricultural irrigation months, but not
enough to achieve the optimal year-end storage indicated by some of these cases.

In any case, the first increments of new water under the proposed policy are
more profitable than the later, and this profit is substantial. Shasta Reservoir
should first be operated in conjunction with the Sacramento Valley groundwater
system. By releasing from storage to the year-end level of 2.75 MAF, 260,000
acre-feet of new water can be developed annually, at less than $17 per acre-foot.
(The marginal cost of the 259,999th acre-foot is $17. The average cost of this water
is about $10/acre-foot.)

The Oroville Reservoir operatedin conjunction with SacramentoValley ground-
water can develop 120,000 acre-feet of new water annually by maintaining a 2.0
MAF year-end storage level. The incremental cost of the 119,999th acre-foot is
about $50, whereas the average cost of the 120,000 acre-feet is about $40.

Using Oroville water conjunctively with areas in the San Joaquin Valley with
especially low groundwater levels, as represented by the $40/acre-foot marginal
pumping cost, is not profitable unless each new acre-foot of water is valued in excess
of $150. Here, at that value, 56,000 acre-feet of new annual yield can be developed
at an average cost of about $90/acre-foot. Shasta operations with these San Joaquin
Valley groundwater basins can generate 260,000 acre-feet of annual yield at only
$60 marginal cost with an average cost of $9.60.

In other areas of the San Joaquin Valley, where marginal pumping costs are
around $20/acre-foot, Oroville water can be used conjunctively at locations where
new increments are valued at $100/acre-foot. Approximately 100,000 acre-feet of
average annual yield would be developed. Use of Shasta water here would even be
more profitable.

The operation of Shasta under a more aggressive conjunctive use program is
more profitable than operating Oroville that way because of the slightly higher
input flows relative to year-end storage on the Sacramento River compared with
the Feather River. This means that year-end releases to increase groundwater
levels in any region in the state, as those represented by $40, $20, or $5 marginal
pumping costs, are not as likely to be repumped during the subsequent year. Since
repumping is the primary cost factor in the program, releases from Shasta are
much more profitable.

We observed that year 2000 Shasta operations have an average year-end stor-
age of 2.75 MAF with average inflow of 5.42 MAF. Oroville base case operations
place storage at year end at an average of 2.4 MAF, whereas average inflow is 3.85
MATF. The ratio of inflow to year-end storage is 2.0 for Shasta and 1.6 for Oroville.
This indicates that for streams with high flow rate to year-end reservoir storage
ratios, aggressive conjunctive use plans will yield additional quantities of water at
low cost. For streams with low flow to storage ratios, significant improvements in
yield may not be expected economically because of the greater expectation of
having to repump that specially released water from the ground.

We can apply this logic in California to see which river systems and their
on-stream storage systems present profitable opportunities for increased conjunc-
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tive use. Table 9 ranks river systems and the peak storage on the system. (We use
peak storage as a surrogate for year-end storage, since those data were not avail-
able.) .

The Consumnes, San Joaquin, Stanislaus, American, Yuba, and Kings Rivers
all appear to be candidates for increased conjunctive use. On the other hand, the
Tuolumne, Merced, Mokelumne, and Kern Rivers appear to be the least likely
candidates. As we noted with the Shasta and Oroville Dams, the base case oper-
ational principles can affect the profitability of any increase in conjunctive use.

For either surface reservoir, we must note that the marginal value of newly
developed water should really be the incremental increase in value of more reliable
(i.e., less variable through time) delivery of water. For example, in the event that
more aggressive conjunctive use operations (or additional surface reservoirs) take
place, more water would be captured by the surface and groundwater reservoir
systems. This very same water is now finding some sort of use downstream. It may
even have been appropriated. The delivery of water has been made more reliable,
with less variability through the months or through the years, and so has been
increased in value. It is the change in value that we should properly be using as
its value in our analysis.

Table 9

RATIOS OF AVERAGE INFLOW TO PEAK STORAGE

Av. Ratio of Inflow

River System to Storage
Consumnes R, 9.1
San Joaquin R. 3.2
Stanislaus R. 3.2
American R. 2.6
Yuba R. 2.2
Kings R. 1.6
Sacramento R. 1.32
Feather R. 1.2a
Kern R. 1.1
Mokelumne R. 1.0
Merced R. 0.9
Tuolumne R. 0.5

8peak ratio based on peak storage
available may differ considerably from
base case.operations, as in Ref. 2.



III. CONJUNCTIVE OPERATIONS WITH ADVANCED
WEATHER PREDICTION

A number of DWR reports have indicated that improved weather prediction
would generate significant amounts of new water [10,11]. However, two DWR
reports on Hydrospect indicate no optimism about the reliability of current fore-
casting [12,13]. Furthermore, in the Delta Alternatives Study, Phase II, the various
plans to augment the surface water supply north of the Delta exclude long-range
forecasting [14]. The DWR concluded,

Existing project yield could be increased if reservoir inflow could be reliably
predicted at least one year in advance. At present, long range forecasts are
experimental, not reliable, and cannot be used. It is not expected that
operational skills will be developed in time to meet the year 2000 condition,
and this element will not be studied further at this time {p. 23].

Recently, the DWR has returned to the study of forecasting as a means of
increasing water yield. Director Ronald Robie, at a meeting with Rand’s project
team, indicated DWR’s continuing interest.! Deputy Director Reynolds has stated
(11} -

In conclusion I would like to state that the DWR believes that because of
the potential value of long-range weather forecasts we believe that there

" is aneed to continue evaluation and research in this vital area. Our results
have been good and encouraging, although inconclusive. The issue then is
that if a capability exists, we cannot afford not to have it, we must identify
it, and we must objectively and scientifically measure its reliability.

With the help of Rand meteorologist R. Robert Rapp, the Rand project has been
trying to develop quantitative estimates of predictive accuracy within the current
state of the art. Even more valuable would be some sort of technological assessment
or forecast of the year 2000 weather prediction accuracy, something not addressed
in the DWR studies.

Given the constraints of Rand’s project, we could not fully or accurately assess
the state of the art of forecasting technology in the year 2000. We conducted phone
and personal interviews with leaders in the forecasting field. Dr. J. Namias of
Scripps Institute of Oceanography has been developing long-range forecasts based
partly on ocean temperatures. He feels that seasonal predictions are today as good
(or as bad) as the 30 day forecasts. Furthermore, these forecasts have some skill
and contain some positive value of information that is better than random chance.
With the current trend toward increasing financial support, the increasing numbers
of young new professionals entering the field of meteorology, and improving data
sources involved with long-range forecasting, the prospects for improving long-
range forecasting are good.

Namias feels that the extreme events are better predicted because strong sig-
nals occur, so strong that the evidence of a rare event cannot be escaped. The
one-in-ten-year dry year or wet year may be easier to predict than we think.

! Personal communication from Director R. R. Robie and Southern District manager Jack Coe at The
Rand Corporation, June 14, 1978.
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Dr. G. P. Cressman, director of the National Weather Service, in hearings
before a congressional committee, testified that the NWS skill is about 55 percent
(compared with 50 percent for pure chance) for their 30 day precipitation forecast-
ing of high and low categories [15]. The high versus low forecasts of the NWS for
precipitation are not as informative as a three-category high, average, or low, such
as used in temperature forecasting. For reservoir management, either system
would be beneficial as long as some reliability greater than pure chance was being
achieved.

As this report indicates, even with extremely modest amounts of predictive
information, carefully modified reservoir management strategies will improve total
water yield. The basic idea is simple. When less than average runoff is predicted,
the operator of the system would release less water from surface storage, maintain-
ing a higher level than that found from the no prediction optimal year-end level.
With predictions of greater than average runoff, more water would be released for -
direct consumption to replace groundwater extraction (in-lieu recharge) or artificial
recharge.

During the months of September through December, the releases of stored
surface reservoir water could be spread in many of the recharge areas or farmland
areas in the San Joaquin Valley and in Southern California. Sufficient aqueduct
and pumping capacity does exist to move water into these regions. In-lieu replenish-
ment arrangements can also be made. These two means of recharge are also avail-
able in the Sacramento Valley, although winter rains may shorten the time that
recharge areas are available.

. The National Weather Service has been making monthly forecasts 30 days in
advance. The forecasts needed for water planning must be made 3 to 6 months in
advance so that the levels of surface reservoirs can be reduced and that water
stored underground. The current National Oceanographic and Atmospheric Ad-
ministration rainfall forecast is in two categories, above average or below average,
each with equal likelihood. More information would be contained in three-category
forecasts of below, near, or above normal, such as is currently being done with the
temperature forecasts by NOAA.

Figure 8, copied from Ref. 10, shows the typical skewness to the left of a rainfall
or runoff distribution, this one being inflow to Millerton Lake. The mean and
median are not equal, the mean being greater than the median.

For illustration, we will examine the impact that the reliability of predictions
has on decisionmaking and the monetary and water quantity rewards obtained. We
will look at the two-category forecast and assume that year 2000 technology has
improved the 3 to 6 month forecasting to approximately what the 30 day forecast
is today. Table 10 indicates the number of forecasts and the actual outcomes of 40
recent NOAA forecasts.

From this evidence, the probability of actually receiving heavy precipitation
given that heavy was forecast is 0.60. These translate into estimates of conditional
probabilities, shown in Table 11.

We use these conditional estimates to construct a new probability density func-
tion or histogram and the associated cumulative distribution function for water
inflows to reservoirs.

Consider Oroville inflow as shown in Fig. 4 and modified by these conditional
probabilities. If “light” is forecast, the probability density function p (x) of runoff
quantity X becomes



Probability of occurrence
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Below
normal

Above normal

0 1 2 3 4 5
Unimpaired inflow into Millerton Lake {in MAF)

SOURCE: Ref. 8, p. 10,

Fig. 8 — Unimpaired inflow into Millerton Lake

- Table 10
RESULTS OF 30 DAY FORECASTING
~ OF RAINFALL
Observed
Forecast Light Heavy
Light 19 11
Heavy 4 6

SOURCES: Monthly NOAA fore-
casts from April=May 1975 to
March-April 1976 and March-
April 1977 to February-March
1978.

Table 11

CONDITIONAL PROBABILITIES OF
OUTCOME GIVEN FORECASTS

Observed
Forecast Light Heavy
Light 0.63 0.37
Heavy 0.40 0.60
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Pxp. (x]L) = 0.63px(x)/2 if x is less than or equal to médian
= 0.37px(x)/2 if x is greater than the median,
and if “heavy” is forecast the probability density function becomes
pxu(xH) = 0.40px(x)/ 2 if x is less than oz; equal to median
= 0.60px(x)/2 if x is greater than the median.

We first translate into conditional histograms and then sum to obtain the cumula-
tive distribution functions Fy(x) and Fyg(x) The conditional cumulative distribu-
tion functions are shown as Fig. 9, with the unconditional cumulative distribution
function between.

These cumulative distribution functions are next used to calculate the optimal
carryover storage as was done for the no weather prediction case.” The results are
shown in Tables 12, 13, and 14.

The results from Oroville at $5/acre-foot marginal pumping costs (Table 14)
indicate that at $50/acre-foot value, 160,000 acre-feet of new water can be devel-
oped annually under the conjunctive management scheme using weather predic-
tions. In contrast, Table 6, showing estimates without regard to weather prediction,
indicates that only about 120,000 acre-feet of water can be developed annually.
Thus weather forecasting produces an extra 40,000 acre-feet at $50/acre-foot, or $2
million per year.

A similar contrast can be made between water valued at $100/acre-foot under
a marginal pumping cost of $20/acre-foot by comparing Table 13 with Table 5. Here
100,000 acre-feet of water can be developed annually with no weather predictions
by maintaining the reservoir at the 2.1 MAF level. By using the forecast to operate
the reservoir at 3.0 MAF when light runoffs are predicted and at 1.6 MAF when
heavy runoffs are predicted, approximately 156,000 acre-feet can be developed.

These figures can be used to estimate the monetary value of weather predic-
tions. If the accuracy of the 3 to 6 month weather predictions can be improved to
the level currently being achieved by the 30 day forecasting techniques, California
could gain over $3 million per year when the marginal value of new water supplies
is $100/acre-foot and marginal pumping costs are $20/acre-foot. The strategy
would be to operate the Oroville Reservoir to a 2.1 MAF year-end level without
prediction. With predictions, when high runoff was forecast, the reservoir would be
reduced in the fall to 1.6 MAF. If low runoff were predicted, virtually no releases
would be made. The strategy using no weather predictions would produce 100,000
acre-feet annually at a value over the base case strategy of over $1.3 million per
year (from the SWP, CVP year 2000 operating study with no changes from that
implicitly used in Ref. 3). The strategy using predictions would produce 156,000
acre-feet of water annually with a value of about $5 million per year, the difference
between the two being 56,000 acre-feet and $3.7 million annually.

If groundwater aquifers exist in areas of the state where $5/ acre-foot is the
marginal pumping cost, the state would gain 44,000 acre-feet annuaily and over $4

2 A computer program was written to simulate the equivalent system with prediction. This is the
only straightforward way of obtaining estimates of water saved and the economic benefits. This simula-
tion continued for 2000 years, generated random numbers for inflow to Oroville using the cumulative
distribution function from Fig. 4, and generated random forecasts.
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-

million per year when new water was valued at $100/acre-foot if the management
plan for the Oroville Reservoir could incorporate weather forecasts.

These calculations simply show how hypothetical forecasts can be made. No one
is in a position to make a technological prediction of the year 2000 forecasting
reliablility. Preliminary investigation by the Rand team indicates that the 0.60
probability used in this example is a reasonable target, since forecasts are almost
that reliable today. However because the estimate of reliability of forecasts is
tentative, only a tentative estimate of the value of forecasting can be made.

-

Table 12

AGGRESSIVE CONJUNCTIVE USE POTENTIAL WITH WEATHER
FORECAST AT $40/ACRE-FOOT MARGINAL PUMPING COST:
OROVILLE

Optimal Carryover

Storage (MAF) Annual Quantity | Annual Economic

Value of 1 AF Developed Over | Advantage Over
of New Water |Heavy Inflow | Light Inflow | the Base Case the Base Case
(%) Predicted Predicted (MAF) ($ million)
100 2.7 3.5 0 a 0
150 1.7 3.1 .l4b 4.2
200 1.4 2.7 .18 15

8Total quantities over 50 years (in MAF): 18.4 spread, 9.8 repumped,

net gain of 6.8.

b24.8 spread, 13.2 repumped, net gain of 9.1.

Table 13

AGGRESSIVE CONJUNCTIVE USE POTENTIAL WITH WEATHER
FORECAST AT $20/ACRE-FOOT MARGINAL PUMPING COST:
OROVILLE

Optimal Carryover

Storage (MAF)
Value of 1 AF

Annual Quantity

Annual Economic

Developed Over |Advantage Over
of New Water |Heavy Inflow | Light Inflow | the Base Case the Base (Case
(€)) Predicted Predicted (MAF) ($ million)
50 3.1 3.7 0 0
100 1.6 3.0 165 5
150 1.1 2.3 .24b 17
200 0.9 2.0 .27¢ 29

a
Total quantities over 50 years (in MAF):

10.6 repumped, net gain of 7.8.

b36.7 spread, 33 saved, 21.1 repumped, net gain of 12.0.
€47 spread, 42.3 saved, 28.9 repumped, net gain of 13.4.

20.4 spread, 18.4 saved,
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Table 14

AGGRESSIVE CONJUNCTIVE USE POTENTIAL WITH WEATHER
FORECAST AT $5/ACRE-FOOT MARGINAL PUMPING COST:
OROVILLE

Optimal Carryover

Value of 1 AF
of New Water

Storage (MAF)

Heavy Inflow

Light Inflow

Annual Quantity
Developed Over
the Base Case

Annual Economic
Advantage Over
the Base Case

(%) Predicted Predicted (MAF) ($ million)
30 2.5 3.4 0.01§ .034
50 1.5 3.0 .16 2.8
100 .75 1.8 .303 16

150 0.6 1.5 .33

33

q1otal quantities over 50 years (in MAF):

0.25 repumped, net gain of 0.31.

0.6 spread, 0.56 saved,

b21.7 spread, 19.5 saved, 11.3 repumped, net gain of 8.2.

56 spread, 50.4 saved, 35.4 repumped, net gain of 15,

d67.5 spread, 60.7 saved, 44.1 repumped, net gain of 16.6.
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