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ABSTRACT 

Results of two surveys of drought management in municipal water supply systems are 
reported in this study. One survey covered the drought in the Southeast in 1986; the other, the 
nationwide drought in 1988. A number of case studies are used to explore the current state of 
practice in greater detail. The report also includes the development of a risk-based drought 
management model, and it examines the effectiveness of drought management plans with the 
use of models for daily water use. Among the major findings of the surveys are: (1) 50 percent 
of all urban water supplies in the country were adversely affected by the drought of 1988; (2) 
slightly less than 50 percent of all the utilities had drought contingency plans in place before 
1988; (3) less than 30 percent of the respondents in the survey had any kind of quantitative 
method to support decision making during droughts; (4) the existence of a drought policy had a 
positive effect on the effectiveness of conservation programs; and (5) the existence of a decision 
support system had a positive effect on the level of satisfaction with decisions. The case studies 
reveal a wide range of practices in drought management but also reveal that, for the most part, 
municipalities are still basing drought management plans on historical droughts. The study also 
shows the kinds of errors commonly made in estimating effectiveness of conservation programs 
in the absence of appropriate models for comparing water use with conservation to what water 
use would have been without conservation. 
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CHAPTER I 

INTRODUCTION 

The prospect that a city could be without water service for any appreciable period of time 
is not acceptable in this modem era. Yet, in the United States, two trends are making the 
avoidance of that prospect more difficult: increasing demand for public water supplies and 
depletion of developable sources. Public water supply is the fastest growing category among 
major water users. At the same time, the acquisition of new sources has become increasingly 
difficult as most prime sources in the United States have been developed and environmental 
values related to remaining sites are being given increasing weight in planning decisions. In the 
face of this dilemma, greater attention must be and is being given to both long-term and short- 
term measures to extend the useful range of existing supplies. Several cities and states are 
aggressively promoting, often requiring, the use of waterefficient facilities, price structures, and 
other demand-reducing techniques to lower long-term average rates of water use. 

Even with improved efficiency of water use, however, water managers will always be faced 
with the special problem of managing water supplies during prolonged periods of low 
precipitation. The drought of 1986 in the Southeast and the nationwide drought of 1988 were 
rude reminders of the threats related to extreme drought conditions. No similar widespread 
drought had so affected the nation since 1953-54, but there have been severe regional droughts 
in several areas, notably the Northeast in the mid-1960's and the West in 1977. 

Interestingly, droughts and management strategies under drought conditions have received 
relatively little attention in the water resource literature, especially in comparison with the 
considerable attention given to floods. This study began in 1987 as an assessment and evaluation 
of drought contingency planning for public water supplies by local governments using the 
experiences in the Southeast in 1986. Not too long after the study was underway, however, it 
became obvious in early summer 1988 that there would be a national experience upon which to 
draw, and the scope of the study was expanded to cover that experience. Objectives of the 
study remained unchanged, however. They were: 

1. to assess the extent to which local governments have adopted drought contingency plans 
for public water supplies; 

2. to examine the criteria and analytical techniques on which these plans are being 
developed and by which their implementation is being triggered; 

3. to evaluate the plans, criteria, and analytical procedures; and 

4. to suggest improvements based on findings related to objectives 1-3. 

BACKGROUND 

Consider the dilemma of the manager of a water supply during that part of the year when 
there is a substantial likelihood that supply will be less than demand. At any time during that 



period, management can easily observe how much water is on hand in a reservoir or an aquifer, 
but if it is less than what is needed to get through the rest of the season, management is in the 
position of playing a game-with nature as an uncertain opponent. As management monitors 
conditions on daily, weekly, or monthly time intervals, it can decide whether to: (a) reduce 
demand; @) seek ways to augment supply; or (c) do nothing. These decisions would be far less 
difficult if magnitude of s t readow or aquifer recharge during the remainder of the dry season 
were known with certainty or if the cost of defensive measures were small. 

Unfortunately that is not always the case. The best information about future inflows may be 
a set of probability statements based on past observations. The cost of augmenting supplies 
during any single drought period depends on the nature and availability of alternative sources. If 
the alternative supply is nearby and facilities are already in place to move it fiom point of 
supply to point of use, then the cost may be modest On the other hand, distant sources and 
those that require substantial capital improvements may be very costly. Likewise, demand 
reductions are not free of cost. If demand reductions are small, losses may be limited to 
reduction in aesthetic values associated with ornamental vegetation and automobiles. For more 
severe reductions in demand, long term damage to vegetation may occur, and with even more 
severe reductions, losses may occur because of cutbacks in production and reduced firefighting 
capabilities. In the worst case, public health may be threatened. 

Management usually faces one of two options. One is to take a series of moderate 
conservation steps over several time intervals in advance of the most critical shortfall. That 
usually requires action while the risk of a crisis is still relatively small. In that case, the chances 
of taking defensive measures when they are not needed is relatively large. The other option, of 
course, is to take the risk that the rains will come and a crisis will be averted without any 
defensive action. If a crisis does occur without any prior action, the community may face either 
purchase of a h ighes t  emergency supply or severe reductions in rates of use. 

This kind of problem, faced by a large number of communities in 1988, raises several 
questions. F i t ,  how serious is the drought problem faced by cities in the United States? To 
what extent have cities had to make the kinds of choices that are posed in the scenario above? 
Second, how well prepared are cities to make these kinds of decisions? To what extent do they 
have policies and drought contingency plans in place to face the kind of problems that occurred 
in 1988? Third, what are the characteristics of those policies, and what kinds of criteria are 
being used to design drought contingency plans? Fourth, what kinds of criteria are being used 
to trigger the activation of drought management strategies as the likelihood of shortfalls 
increases to the point where action is needed. Fifth, how effective were drought contingency 
plans in 1988? Were they over-reactive, under-reactive, or about right? Finally, what kinds of 
analytical support is available to aid water managers in their assessments of drought risks and in 
the formulation and activation of drought management plans? Previous work can be cited to 
answer some of these questions; other questions are answered through the surveys and analyses 
reported in this document. 

Effects of Previous Droughts 

Historical data on the effects of droughts on public water supplies in the United States is 
quite limited, especially data about the severity of these effects when they occur. One of the 



first nationwide assessments, that of the drought of 1934, was apparently not so severe. White 
(1935) reported that "despite the severe and widespread drought of 1934, relatively few public 
water supplies ... experienced shortages." He estimated that approximately 2 percent of the 
nation's population experienced shortages in that year and that the impacts were largely in 
smaller communities with chronically inadequate supplies. Effects of the 1953-54 drought were 
much more far-reaching. Wolman (1955), quoting extensively fiom a survey by the U.S. 
Geological Survey, reported that during that drought more than 1,000 systems reported a 
shortage. Also, large systems were widely affected. Of the 93 systems which at that time served 
more than 100,000 customers, 38 percent experienced shortages, but that data does not indicate 
the magnitude of those shortages. Wolman attributed the shortfalls in that drought to the very 
rapid expansion of water use in urban areas over the first half of the century and the inability 
of planners and engineers to provide adequate facilities to keep pace with that demand. 

More complete data on the effects of the drought of 1976-77 are available for the major 
urban areas of California (Calif. Dept. of Water Resources, 1978). That drought, which affected 
80 percent of the nation's counties, was most severe in the Northern Great Plains, eastern 
portions of Washington and Oregon, and Northern California. Record annual lows were 
recorded in most of the principal water supply streams in California, and storage levels in the 
state's two largest reservoirs, Shasta and Oroville, dropped to well under 25 percent of capacity. 
At their lowest levels in October of 1977, combined storage in the 143 largest reservoirs in 
California was at 23 percent of capacity, 37 percent of the 10-year average for storage on that 
date. There were also substantial declines in groundwater levels. Shortfalls in supply caused 
major cutbacks in agricultural water use, and water utilities in major urban areas sharply 
reduced consumption. Annual water use in the San Francisco Bay Area in 1977 was reduced by 
32 percent from usage in 1976; in the Central Valley, use declined by 16 percent; and in the 
Los AngelesSouthern California region, water use in 1977 was down 13 percent from the 1976 
rate. 

Designing for Droughts 

How should the severity of these shortages be judged, however? After all, reservoirs are 
built to store water for use in dry periods, and unless these facilities are either over-designed or 
intended for other purposes, it is not surprising that they are drawn down considerably during 
periods of extreme drought. How much storage should be provided? How much investment 
should be made in standby capacity? How frequently and to what extent are users willing to or 
should they be forced to reduce consumption because of drought conditions? 

These are difficult questions, and a surprisingly small amount of literature has been devoted 
to these particular topics and to other aspects of droughts. As Dracup (1986) noted, an 
examination of published abstracts of water resources research showed articles on floods 
outnumbered articles on droughts by 6 to 1. 

Allen Hazen was one of the first to address the questions posed above in his remarkable 
paper in the early part of this century (Hazen, 1914) in which he introduced basic concepts of 
probability into the assessment of storage requirements. Droughts were given operational 
definitions in terms of "dry years" and the degree of dryness based on their position in the 



rank-ordered series of historical measurements of either rainfall, streamflow, or storage required 
to maintain specified drafts. As Hazen noted: 

The dryer the year the longer is the probable interval of its recurrence. ... The median year in 
the series is referred to as the '50th % year'; the year of such a degree of dryness that 90% of 
the years are wetter and 10% are dryer than it, is called the '90% year', and the year that 99% 
of all the years of are wetter and 1% dryer than it, is called the '99% year.' 

He then proceeded with an extensive analysis of storage requirements to satisfy specified drafts 
during the occurrence of the Nth, 95th, and 98th percentile years of s t r eadow in a number of 
streams in the eastern United States. Two important questions were then posed. First, if storage 
is provided to satisfy a given draft during a specified percentile year, say the 95th percentile, 
what is the shortage in those years that are dryer than the 95th year? Second, how far will it 
pay to go in providing storage to avoid shortfalls? In response to the first question, Hazen 
used the results of his analyses to estimate the ranges and average values of shortfalls that 
might occur in years that are dryer than the 95th percentile year. In response to the second, he 
used prevailing estimates of the cost of capital and the expected unit cost of storage necessary 
to avoid a shortage to reach the following judgment about how much storage to provide: 

The matter is evidently one that must be considered broadly, and an extreme view cannot be 
maintained. The wisest course seems to be a middle basis of estimate, such as the 95% dry year, 
but to recognize fully its position, and to be prepared at intervals to meet a moderate shortage 
in supply. 

Hazen's reasoning has been widely adopted in the water industry. Although the dry year of 
choice for judging what storage is adequate is a matter of policy, most surface water supplies 
and many groundwater supplies are assessed by estimating the draft that can be withdrawn from 
the given supply during the 95th, 98th, or 99th percentile dry year. 

Economists tend to favor assessments that make explicit the economic consequences of 
shortfalls in supplies. Hazen based his judgment primarily on the cost of additional storage 
required to avoid a shortage of a given frequency. He either ignored or made an implicit 
judgment about consumer preferences. Would consumers be willing to pay more or less than 
the cost of providing additional storage to avoid the consequences of a particular drought? 
Formal treatment of that topic received little attention until the work of Russell, k e y s  and 
Kates (1970) when they evaluated the Massachusetts experience during the drought of the mid- 
1960's that affected much of the Northeast. Their work produced both a general methodology 
for estimating the economic impact of a water shortage and a set of empirical estimates of 
those impacts for the particular drought in question. These impacts include economic losses to 
consumers as well as costs of adjustments to supply, both those made by individuals and private 
firms and those made by public utilities. They also pointed out that estimation of impacts is 
highly dependent on the "accounting stance", either local, regional, or national level, because 
the existence of transfer payments or transfers of income from one region to another can 
significantly alter the set of estimates. Their fundamental conclusion was that significant savings 
could be effected in system design if account were taken of the real nature of the loss functions 
from water storage. The present implicit assumption is that loss functions rise essentially 
vertically from zero shortage. Such is not the case. However, very few utilities have 



incorporated explicit economic loss functions into their management decisions. Seattle is one of 
those few as discussed later in this report. 

Drought Contingency Plans 

The  work by Hazen and Russell, Areys, and Kates focuses on the determination of what is 
an adequate capacity for a public water supply and the problem of determining the timing and 
size of its expansion. The  shorter-term problem, that of managing systems under drought 
conditions when demand is near or greater than capacity, has received far less attention from 
scholars. For example, the American Water Works Association published a guidebook in 1981 
on the general topic of water conservation (ARWA, 1981). It contains a chapter and related 
bibliography on "Planning for Emergency Supply Shortages" in which all the literature cited, 
with the exception of Russell, e t  al. was dated after 1975. In the past this problem has been 
treated as merely a short-term risk that must be  borne before a long-term solution can be  
found. That view is no  longer possible in many communities, however, because their capacity 
expansion decisions must include an evaluation of drought management options on their long- 
term investment decisions. 

Drought contingency plans, if they are in effect at the time a drought occurs, can be  
effective. The Western Governor's Policy Office (WESTPO) cited two important lessons learned 
from its retrospective examination of the 1976-77 drought (W'ESTPO, 1978). First, that study 
concluded that timely and effective governmental policies, in partnership with private initiatives, 
can have an important mitigating effect on the impact of a drought. A key factor in that 
mitigation is the ability of decision makers to  construct "temporary and ad hoc responses out of 
disparate institutions and policies." Informal and formal agreements among various levels of 
government were effective in reducing the impact that would have occurred without such action. 

The second lesson is more sobering. When actions during the drought of 1976-77 were 
judged against the standard of what the impact might have been with increased efforts to  
anticipate and manage conditions during the drought, the conclusion was drawn that "as a 
nation we are a long way from the wise management of scarce resources." Analysts in that 
study viewed the drought as a dramatic illustration of the potential effects of an increasing 
scarcity of resources due to the effects of increased population and economic activity. 

Processes for developing drought contingency plans have been outlined in several 
publications, among them the Urban Drought Guidebook, prepared by the California 
Department of Water Resources (1988). That process, adapted somewhat for the purposes of 
this discussion, is shown in Figure 1-1. Neither the particular steps nor the order of their 
execution is necessarily unique, but they include 

1. development of the capability of making short-term and mid-term forecasts for demand 
and supply; 

2. establishment of criteria for evaluating plans; 
3. =essment of drought mitigation options; 
4. formulation of a phased mitigation policy; 
5. evaluation of the policy; and 
6. adjustments as necessary. 
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Process for the Formulation of Drought Contingency Plans 



Forecasts. Probability forecasts are generally regarded as preferable to  point forecasts. T h e  
choice of sophistication in those forecasts must be based o n  a balancing of the cost of 
developing that capability with anticipated improvements in the  consequences of  decisions that 
are made with improved information. 

As part of his study of the Occoquan Resemoir in Fairfax and Prince William County, 
Virginia, Hirsch (1978) used so-called "positional analysis" t o  estimate the  probabilities that, 
given the storage level at the beginning of each month, a specified minimum storage level will 
occur over the remainder of the water year. This approach to  estimating risks is based upon 
simulation techniques that use the historical series of streamflows to  estimate relative 
frequencies with which events will occur over the remainder of the year. 

Hirsch's analysis relies only on  sequences of streamflows to  assess probabilities of drought 
events. Attempts have been made to  incorporate current information about soil moisture and 
other variables and forecasts of climate conditions to  enhance the accuracy of predictions about 
drought events. Dracup (1986) gave efforts of that kind mixed marks for success. H e  noted that 
a limited set of tests is available for evaluating forecast accuracy. Meteorological forecasts that 
are provided to  the California Department of Water Resources in support of its monthly 
outlook for deliveries from the State Water Project were given low marks. In  another situation 
in the Colorado River Basin, he  argued that streamflow forecasts can b e  a valuable input to  the 
decision process. Whether current climate data and forecasts would contribute much to  
improving forecasts beyond a few days in more humid areas in the East has not been given 
much attention. 

Within the  past several years an increasing amount of literature and exgerience in the field 
of short-term demand forecasting has been developed. That literature, reviewed in depth in 
Chapter VII, supports forecasts to  guide decisions as they are made and backcasts to  determine 
the effectiveness of demand reduction measures. 

Evaluation Criteria. Even when the best available forecasting met hods are used, however, 
considerqble uncertainty will remain about the amount of water that will be avialable and how 
much will be needed during a drought. Uncertainty of that kind is a key characteristic of 
drought management, and how that uncertainty is handled is a key determinant of the policy. 
As noted at the outset of this discussion, the choice is often between one  of two kinds of 
policies. One calls for early and moderate action with the inherent side-effect that there is a 
high probability of triggering actions that turn out not t o  be  necessary; the other  delays actions 
until the need for it is more certain, but when action is needed, it is more severe. Choosing 
between these options requires considerable value judgments on  the part of pol iqnakers ,  value 
judgments which should be  made explicit in criteria for designing and evaluating these policies. 
The  literature largely ignores this problem. 

A related problem is that of weighting the relative magnitudes of shortfalls between demand 
and supply during droughts. Even if uncertainties of the kind discussed above could be 
eliminated, management still faces the choice between balancing supply and demand either 
through demand reduction o r  augmentation of supply. How much should management pay to  
augment supply to  avoid a reduction in demand? If the option is to  reduce demand, how is a 
longer period of smaller reductions to  be  compared with a shorter period of more severe 



reductions? As noted earlier, the use of economic loss functions has been suggested as one 
approach to this problem, but other factors, such as environmental quality and public health and 
safety which cannot be fully captured in economic loss functions, are likely to be considered 
also. Guidance is need in the policymaking process to establish which factors are to be 
considered and how priorities are to be assigned to those factors. 

Mitigation Options. Options for mitigating the effects of droughts fall into one of two 
categories, namely augmentation of supply and demand reduction. Several excellent reviews of 
demand reduction options and methods for assessing their cost effectiveness have been added to 
the literature over the past decade. An extensive bibliography on the subject has been compiled 
for the U.S. Army Corps of Engineers' Institute for Water Resources (Boland, et  al., 1982). 
Procedures for evaluating a variety of techniques were reported by Baumann, et al. (1981), and 
the 1981 guidebook by the American Water Works Association that was mentioned earlier has 
been updated (Maddaus, 1987). These sources cover most of the widely used options for 
reducing demands, and they provide information about their potential cost and effectiveness. 

Mitigation Policv. A rational phased mitigation policy should weigh the relative benefits and 
costs of short-term supply augmentation and demand reductions. Demand reduction strategies 
would in general invoke reductions by priority of use, reducing lowest priority uses first, highest 
priority uses last. Maddaus (1987) illustrates the concept with a 4-step procedure, summarized 
briefly below: 

Consumption 
Reduction 

S t a ~ e  Condition Goal User Restrict ions 

I Minor 10 Voluntary 

II Moderate 1 5-1 8 Mandatory on outdoor residential use 

Ill Severe 25-30 Severe on all outdoor uses 

IV Critical 50+ Prohibit all outdoor uses, selected commercial 
and industrial, and terminate selected services 

Highest priority is usually assigned to those uses for emergency senices such as fire and medical 
care and for the protection of public health. The policy should include, in addition to specific 
actions and the order in which they are to be taken, demand reduction goals. 

Trieger Criteria. A critical decision in formulation of a drought contingency plan is the 
establishment of criteria for triggering implementation of drought contingency plans. Maddaus 
(1987) argues that many utilities that have experienced droughts have, in retrospect, probably 
wished they had declared the emergency earlier, thereby saving more water in Stages I and 11 
and lessening the impact of Stages I11 and IV. The WSTB colloquium reached a consensus that 
a uniform level of hydrologic risk should not be advocated for guiding management decisions 
under droughts, but despite a lack of unanimity about what is an acceptable risk, there was 
general support for the integration of risk analysis in drought contingency plans (WSTB, 1986). 



Hrezo, Bridgeman, and Walker (1986) surveyed state water management agencies to gather 
information about drought triggering mechanisms. For the most part, however, triggering 
mechanisms found in that survey are used to define the start of general drought conditions in a 
state o r  sub-state area, not for managing local public water supplies. Indicators such as rainfall 
deficits and streamflow conditions are useful for identifying general conditions that prevail in a 
region, but they should not necessarily be used to  trigger drought contingency plans. Indicators 
that reflect local demand and supply conditions are much more appropriate. 

Evaluation. Once a policy has been formulated, including the specification of mitigation options 
and trigger criteria, evalaution of the policy is appropriate. The objective of policy evaluation is 
twofold: (1) to  determine how well that policy satisfies the evaluation criteria discussed earlier; 
and (2) to  determine what adjustments may be necessary to improve the policy. Computer 
simulation, either over historical drought events or synthetically generated events, is a useful 
technique for this step in the process. The fact that there are both benefits and costs of taking 
early actions to  mitigate anticipated but uncertain impacts of droughts suggests the need to  
evaluate drought contingency plans before they are adopted. 

TEE REPORT 

Unfortunately, the literature provides few guidelines as to  what criteria are being used in 
the United States to guide the formulation and evaluation of drought contingency plans. In fact, 
anecdotal data from a variety of sources suggested that the Southeast drought of 1986 and the 
nationwide drought of 1988 found many water suppliers without any plans, and in many 
instances where plans did exist, they were based on little analysis and unrealistic expectations 
about consumer responses. These observations, well-founded or not, led to the initiation of a 
systematic investigation into the current state of drought contingency planning in the United 
States. A number of basic questions was raised by those observations. Each of the chapters in 
this report responds to  one or more of them. 

Chapter I1 reports on the findings of a mail survey of utilities in the Southeast about their 
state of preparednzss as they coped with the drought of 1956. The  survey identified those 
utilities that were affected by the drought, those that had written drought policies in place 
before the drought, and those that prepared plans during the drought; and it sought to identify 
those utilities that had some form of technical anal~3is to support the formulation and 
implementation of their plans. 

Chapter III summarizes the findings of a similar survey conducted nationwide after the 
drought of 1988. In addition to  the questions asked in the Southeast survey, the national survey 
tried to  elicit from managers their judgments about the effectiveness of their drought 
management efforts in 1988. 

Greater depth of information about selected utilities that were identified in the mail 
surveys is reported in Chapter IV. Case studies of drought management policies are reported 
for Metropolitan Atlanta, the South Florida Water Management District, Massachusetts Water 
Resources Authority, Portland, the Research Triangle of North Carolina, Seattle, and 
Metropolitan Washington. These cases were selected in a non-scientific process to  represent a 
variety of circumstances and innovative practices. 



Chapter V is focused o n  the criteria that are being used in practice to  formulate policy. 
Criteria covering acceptable risk, triggering mechanisms, and demand reduction that have been 
used by a number of localities are examined, and several conclusions are drawn. 

Chapter VI describes a method for deriving trigger levels for surface water supplies that is 
based on  explicit criteria about acceptable risks and effects of the drought contingency plans. 
This particular method has been adopted by several utilities in the Research Triangle of North 
Carolina. 

A particular limitation in most drought contingency plans is that the utilities have little o r  
no  capability to  evaluate the effectiveness of demand reduction policies. T h e  collective evidence 
from cases studies in the  Southeast and elsewhere suggested that where attempts had been 
made to  estimate effects of this kind, they were often based on  misleading assumptions and led 
to  incorrect conclusions. Developments in daily demand forecasting are adapted in Chapter VII 
to  the particular problem of estimating what demands would have been in the absence of 
demand reducing actions, thereby providing a basis for better identifying the real effects of 
those actions. 

Chapter VIII, the final chapter, sets forth conclusions and recommendations that have been 
drawn from the study. 



WATER SUPPLIES kKD TEE DROUGHT OF 1986 I 3  THE SOUTHEAST 

Public water supplies in the Southeast were under considerable stress during the summer of 
1986. In  the months of April-July virtually all of seven states in the region (Alabama, Georgia, 
Kentucky, North and South Carolina, Tennessee, and Virginia) experienced streamflows that 
were below the 25 percentile of historical flows. By August much of the area of these states, as 
well as portions of Florida and Mississippi, were classified as being under extreme or severe 
droughts according to the long-term Palmer Drought Severity Index. The timing of the drought, 
as well as its severity, was worrisome to  managers of public water supplies because it came so 
early in the annual drawdown-refill cycle. It also caught many of them quite unprepared. 

Reporting of the ex?ent and severity of effects of the drought on public water supplies in 
the region was sporadic. Monthly reports of rainfall, streamflow, and groundwater levels from 
the Xational Weather Service and the U.S. Geological Survey made i t  clear that the drought 
was severe, but those reports do not include assessments of demand-supply conditions in public 
water supplies. In the fall of 1986 appropriate offices in each state in the region were contacted 
to identifj affected purveyors, but the responses were far from complete. State agencies could 
identify the most severely affected areas, but, for the most part, their lists were incomplete. 

Table 11-1. List of Questions Included in Survey 
- - - - - - - -- -- - - - - - - - 

Did you request customers to reduce water use during 1986? 

Did you request cuslomers to reduce their use voluntarily? 

Did you impost mandatory reductions in 1986 on customers through the use or ordinances, statutes, or other power of 
state or local gcvernment? 

Do you have an agreement with another utility to provide a supplementary supply of water d ~ r i n g  drought condit;ons? 

Did you purchase water under that agreement in 19%? 

Did you sell water to another utility in 1986? 

Did you have an ordinance or other written policy for operating your water supply under drought conditions before the 1986 
drought? 

Was that policy invoked in 1986? 

Have you developed a policy since 1986? 

Which of the fol!owing sources of water did you use in 1986? 

1. Your own surface impoundments 
2. Your own groundwater 
3. Purchase from another utility 

If you purchase water from another utility, are purchases made throughout the year, seasonally as reqilested, or strictly in an 
emergency? 

1. Throughout the year 
2. Seasonally as requested 
3. Emergency only 



That finding prompted a mail survey in 1987 
of all utilities in the region that serve over 
10,000 persons. The purpose of the survey was 
to identify which systems were affected and to 
determine the extent to  which they were 
prepared to handle drought contingencies. It was 
also intended to identify several spsterns that 
might be examined in more detail through case 
studies. 

Results of the survey are reported in this 
chapter. In addition to  the numerical findings, 
obsenrations are made about the level of 
preparedness in several states and individual 
utilities. 

The population of utilities to which the 
questionnaire was sent consists of the 575 public 

Size 

water supplies in a nine-state region that each sen7e at least 10,000 persons. The region covers 
the states of Alabama, Florida, Georgia, Kentucky, Mississippi, North and South Carolina, 
Tennessee, and Virginia. The list of those utilities was compiled originally from a listing 
supplied by the U.S. Environmental Protection Agency. It was updated through an earlier 
survey of financing practices by water and sewer sjsterns (Burby, Moreau, and Kaiser, 1987). 

Each utility was sent a brief questionnaire in January 1988 with the questions listed in Table 
II-1. A follow-up questionnaire was sent to those who had not responded within two weeks of 
the initial mailing, and a second follow up was sent after another two weeks. The total response 

I 

i'gure 11-2. Distribution of Respondents by State 

was 422 or 73 percent. All of the 
respondents did not answer all of 
the questions, however, so that 
the results reflect different totab 
for each question. 

The distribution of 
respondents by size is shown in 
Figure II-1. Nearly 80 percent of 
them delivered 10 million gallons 
per day or  less. About 12 percent 
fell in the range of 10-25 MGD, 
and 5 percent delivered between 
25 and 50 MGD. Only 3 percent 
averaged more than 50 M G D  with 
only 3 utilities delivering over 100 
MGD. Thus, the resuIts as a 
whole are highly iduenced  by 
smaller utilities. 



The distribution of respondents by state is s h o w  in Figure 11-2. The numbers vary from 19 
in Mississippi (4.5 percent of the total) to 97 in Florida (23.0 percent of the total), reflecting 
both the sizes of population in the states and their split between urban and rural locations. 
Florida has not only the largest population among these states but also the largest percentage 
liking in urban areas. Mississippi has both the smallest total population and the smallest percent 
in urban areas. 

Surface and groundwater systems are evenly represented in the set of respondents. Surface 
supplies accounted for 39.9 percent, with 10 percent of these also buying water from other 
purveyors. Supplies with groundwater sources constituted 39.3 percent of the respondents, and 
12 percent of them also bought water elsewhere. The balance of supplies was split evenly 
between conjunctive users of surface and groundwater and purchase-only systems, 10.1 percent 
in each group. 

AFFECTED UTILITIES 

The drought affected these utilities in a variety of ways. Some who had ample supplies 
experienced increases in demand that exceeded the capacity of their treatment plants or  their 
distribution systems. Others were faced with the likelihood of depleted supplies, while others 
obtained relief through alternative supplies. Although it does not distinguish among these 
different kinds of affects, one  indicator of the effect of the drought and its severity is \\hether 
or not a utility called for short-term conservation, and, if so, whether that call was for voluntary 
or mandatory action by its customers. 

Table 11-2. All Responses and Those with Conservation in 1986 

State 

Alabama 
Florida 
Georgia 
Kentucky 
Mississippi 
North Carolina 
South Carolina 
Tennessee 
Virginia 

All 

Number of 
Responses 

Number and Percent of Those 
Invoking Conservation in 1986 

All Levels 
N 0. - % - 

Voluntary 
No. - % - 

Mandatory 
N 0. - % - 



Of the 422 
respondents, 170 (40.3 
percent) reported that 
they had asked their 
customers for some 
form of consemation in 
1986. Of those, 60 (14 
percent) invoked 
mandatory 
consewat ion. 

Locations of the 
170 utilities on 
conservation are shown 
in Figure II-3. As 
shown in Table II-2, 
the largest number 
(45) was located in 
Florida, and the second 
largest number (35) in 
Georgia. However, 
those resuIts are 
somewhat influenced 
by the number of 
utilities in the survey 
that are located in 
those states. A 
measure that adjusts 
for those differences is 
the percentage of 

respondents in each state who called for consemation. Figure n-4 shows that in Georgia, 71 
percent of the utilities were on consenration and 59 percent of those in South Carolina were 
affected. Florida, North Carolina, and Alabama also felt heavy impacts with at  least 35 of their 
utilities on consemation. The severity of the impact in Georgia is also indicated by the fact that 
nearly 50 percent of the state's utilities invoked mandatory conservation. 

Size had very little to do with vulnerability to the drought. If it had any effect, the larger 
systems were more vulnerable than the smaller ones as indicated in Figure II-5. The type of 
source also had little affect on vulnerability; 40.5 percent of the surface sources went to some 
type of conservation as compared to 43.7 percent of groundwater sources. 

DROUGHT CONTIT\;GEXCY POLICIES 

Given that 40 percent of the utilities were sufticiently affected by the drought to invoke 
conservation measures, a question of considerable importance arises. How well were the utilities 
prepared to handle a drought? That answer cannot be answered fully by a mail questionnaire, 



but one  indicator was easy to evaluate. Did they have a drought contingency policy in place to  
manage the drought? The  mere existence of a policy should not be  interpreted to  mean that a 
utility was well prepared because some communities have adopted policies that simply enable 
them to  take action when and if they ever decide to do so. Many of them do  not have the  
necessary supporting information to  make informed decisions about when actions should be 
taken. On the other hand, the absence of a policy is a reliable signal that the community is not 
well prepared. Only 39 percent of the utilities had some form of  itte ten policy for operating 
under drought conditions before the 1986 drought. The highest levels of preparedness were in 
Florida and Georgia as seen in Figure 11-6. Of the utilities that imposed some form of 
conservation, 51 percent had policies in place; 49 percent did not. 

Larger utilities were somewhat more likely to have drought contingency policies than the  
smaller ones, as might be expected. However, there is much room for improvement even among 
the larger systems. Results given in Table 11-3 indicate that for systems larger than 10 MGD, 53 
percent had policies before 1986 while 36 percent of those under that size had policies. Only 51 
percent of those with demands in excess of 25 MGD had drought policies before 1986. 

Table 11-3. Existence of Drought Poli'cies by Utility Size 

Size, MGD 

0-1 0 
0-25 
25-50 
50+ 
All 

% of Without 
Without With % With Number Before 1986 

Some utilities that had no policy prior to  1986 were prompted to  write policies during 1986. 
Of 254 respondents with no  policy before 1986, 63 (24.8 percent) established first time policies 
during the drought. The drought had a considerable effect on policy writing activity. About one- 
third of those utilities without policies before 19% called for conservation, and in that group 55 
percent wrote formal policies. The spill-over effect on those who had no prior policy and did 
not call for conservation was modest. Only 15 percent of that group wrote first-time policies in 
1986. 

DECISION SUPPORT SYSTEMS 

Another indicator of preparedness is the existence of a technical report, computer program, 
o r  other quantitative method to aid the process of deciding when to  implement drought 
contingency policies. The  term "decision support system" o r  DSS for short, used by several 
writers to  refer to  methods of this type, was purposely avoided in the questionnaire because the  
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Figure 11-4. 
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States I 
Utilities on Conservation by State 

author felt that it was not widely understood 
by many managers. Furthermore, the use of 
the term might have restricted the reporting 
of various types of methods that are being 
used in practice. That term is used here for 
convenience, however, in the  discussion of 
the results of the survey. 

These results say a lot about the potential 
effectiveness of drought contingency plans 
that have been adopted. Of  the 164 
respondents with policies who provided 
sufficiently complete answers, only 29 (18 
percent) had a DDS. That suggests that 
most sjxtems are relying upon qualitative 

judgments about when to implement drought policies. Some managers may be well informed 
about hydrologic events that affect their supplies, but the underlying processes that cause 
droughts are not generally known, and the apparent randomness in the hydrologic cycle is 
relatively large. Even with good quantitative information about the history of drought events in 
the Southeast, managers face very large uncertainties about the duration and severity of these 
events. 

Size is an important determinant of the level of decision support. Among the systems with 
less than 10 M G D  demand that have w-ritten policies, only 11 percent have a DSS. For sj5tems 
in the range of 10-50 MGD, 17 of the 37 respondents with policies (46 percent) had support 
systems, but none of the 8 with demands over 50 M G D  and with written policies had a DSS. 

Telephone contacts were made with 16 of the 29 respondents who indicated that they had a 
technical report to  support their ordinance. Requests were made for copies of their ordinances 
and supporting reports. Several observations about these responses are noteworthy. 

First, several utilities replied to  this 
request with copies of their ordinances, but 
not with supporting documents or other 
materials that described the bases for the  
formulation and implementation of the  
policy. These responses tend to  suggest that 
the rate of development of DSS's are even 
less than that indicated by those answering in 
the affirmative. Some of the respondents may 
have equated their ordinances to  supporting 
technical documents. 

Second, although a question about the  
use of special rates during drought conditions 

Size of Utility I Figure ICS. Utilities on Conservation by Size 



was not included in the survey, a number of 
the utilities have made provision for such 
rates in their ordinances. Few, if any, of the 
utilities implemented these special charges in 
1986. 

The  responses from South Carolina 
deserve special comment. One reason for 
that is the timely passage of the South 
Carolina Drought Response Act of 1985 
(Title 49 of the S.C. Code of Laws). One of 
the provisions of that act requires 
municipalities, counties. public senice 
districts, and commissions of public works 
engaged in water supply activities to prepare 
drought response plans by November 1987. Plans were to include ordinances, identification of 
alternative sources, and water use reduction programs. The drought of 1986 accelerated 
adoption of the ordinances as shown in Figure 11-6. Before 1986 only 28 percent of the utilities 
in South Carolina that responded to the survey had ordinances. By the end of 19% nearly 90 
percent of the respondents had an ordinance. 

The criteria developed by the South Carolina Water Resources Commission for 
implementation of plans also desewe special comment. Those criteria, adopted by many local 
governments as they wrote their drought response plans, use the Palmer Index (PI) as a 
principal trigger for drought management. Drought Alert Phases are defined as foll~ws: 

Range of 
Palmer Index Drought - Alert Phase 

-1.50 to -2.99 Moderate drought 
-3.00 to 3.99 Severe drought 
below -4.00 Extreme drought 

In Charleston, for example, responses to drought conditions are triggered when the PI falls into 
these ranges and "when conditions have been veri£ied,by best available information" (City of 
Charleston, 1987). 

The PI is a widely accepted measure of general drought conditions, but its use to trigger 
management programs for urban water supplies is problematic. The Palmer Index is a measure 
of soil moisture, an indicator of perhaps greater value to agriculture than to  utility managers. It 
is strictly a supply-side index For most urban water sytems, a better indicator would reflect the 
relative magnitudes of demand and supply and the risk that shortages will occur. For a sp tem 
with a large demand relative to its supply, strong responses may be necessary even in moderate 
droughts. On the other hand, systems with substantial excess capacity operate normally even 



under the most extreme droughts. Despite its limitations, however, cities in South Carolina were 
among the very few with explicit criteria for triggering implementation of  policies. 

Finally, among the cities contacted in the follow-up survey, very few had well-developed 
decision support systems. From among those, Durham, North Carolina, was selected for further 
study because of its existing risk evaluation method. Details are discussed in Chapter IV. 



WATER SUPPLIES AND THE N.4TIOh731DE DROUGHT OF 1988 

Headlines in 1988 made it clear that the drought was wide-spread and that a number of 
cities were severely affected by it. Beyond the headlines, however, was a series of unanswered 
questions. Among these questions were 

- How many cities were affected? 

- How seriously were they being affected? 

- How many of them had prepared themselves to  
the extent that they had w~i t ten  policies in 
place to  manage such contingencies? 

- How many had gone so far as to  develop 
analytical methods to support their decisions 
to implement contingency plans? 

- What characteristics, if any, could explain 
why some utilities were seemingly better 
prepared than others? 

- How appropriate were the decisions that were 
made by utilities? Did they overreact, 
under-react, or  did they respond with the 
right level of effort? 

- How well did the public respond to efforts to 
manage demands? 

- Did the existence of a drought policy improve 
decision making? 

and 

- Did the use of analytical methods enhance their 
decision making? 

Some of these questions could be answered, at least in part, by asking them of a large number 
of utility managers across the country. That was done, and it is the purpose of this paper t o  
report the results of that survey. 

Some of the questions posed above can be  answered only in part through a mail survey; 
other questions do  not lend themselves to  simple answers of the type that can be asked in a 
survey. For instance, in answering the question about appropriateness of decisions, it is 



important to know how utility managers retrospectively assess their o w  decisions. That is only 
a partial answer to the question, however, because it may also be important to judge their 
decisions in the light of generally accepted standards applied by an impartial analyst. That kind 
of inquiry is not well suited to mail surveys, however. Furthermore, it may be enlightening to 
other utility managers and governing boards to know what kinds of criteria are being used to 
implement drought contingency plans by various utilities. Case studies, as presented elsewhere 
(Moreau, 1989) would generally be preferred over mail surveys for gathering information of that 

m'e- 

Table Ill-1. Partial List of Questions lncluded in Survey 

IMPACT OF DROUGHT 
Did you request customers to reduce water use during 1988? (Y/N) 

If your utility was on conservation, 

Did you request customers to reduce their use voluntarily? (Y/N) 

Did your local government impose mandatory water use restriction in 1988? WIN) 

What is your best estimate of the reduction in normal daily demand that was achieved with conservation? (0- 
1096, 10-2096, 20-30%, or more than 30%) 

DROUGHT POLICIES AND DECISION SUPPORT 

Did you have an ordinance or other written policy for operating your water suppty under drought conditions before 
the 1988 drought? (YIN) 

Have you developed a policy since the start of the 1988 drought? WIN) 

Do you have, in addition to your ordinance or written policy, a technical report, computer program, or other source of 
quantaative information that you use in deciding when to initiate the sequence of actions that is stated in your policy 
or conservation plan? 

tf you took actions to mitigate effects of the drought, do you now think that those actions were (1) not stringent 
enough?, (2) just about right3, (3) too stringent? 

CHARACTERISTICS OF YOUR UTILTTY 

What was your average daily demand in 1988? ( 10 MGD, 10-25 MGD, 25-50 MGD, %I00 MGD, More than 100 
MGD) 

Which of the following sources did you use in 1988? (all that apply) 

1. Your own surface sources 
2. Your own groundwater 
3. Purchase from another utility 

Given your present supply, do you anticipate a seasonal shortage of water in the next 5 years? (YIN) 

THE SURVEY 

The population to which the questionnaire was sent consists of all of those utilities who are 
(a) members of the American Water Works Association (AUWA) and (b) who serve 10,000 or  



Percent of Respondents 

I 
Figure 111-1. Dktribution of Respondents by State 

more connections. The decision to use the membership roster of AbWA was one of 
convenience. That list contains a large share of the utilities in the Cnited States, and an 
d a t e d  mailing list, complete with contact persons and mailing labels is readily available at a 

Y 

r k o n a b l e  fee for an ac&ity that is approved by the Association. A copy of the questionnaire 
was sent to the Association for review before it was mailed to the membership. There were 501 
utilities in this population when the list was obtained in January 1989. 

A list of the questions is shown in Table III-1. They were intended to identlFy (1) which 
utilities were affected by the drought of 1988; (2) the seriousness of those effects; (3) who had 
written policies for operating their systems during droughts; (4) who had quantitative methods 
for supporting their decisions to implement their policies; (5) the effectiveness and 
appropriateness of their decisions; and (6)  selected characteristiu of the utilities who responded 
to the survey. 

The first round of mailings was conducted in early January 1989, and within three weeks 
approximately 60 percent of the questionnaires had been returned. A second round was sent in 
early February to those who had not yet responded. Approximately one-half those utilities had 
responded by March 1. A total of 408 responses, or 81.4 percent, was received. Responses to  
some questions in forms that were returned were incomplete, and the number of useable 
responses varies from one question to another. 

The distribution of respondents by states is shown in Figure m-1. As might be expected, 
that distribution is heavily weighted by the population of residents in the states, but it is also 



Figure 111-2. Distribution of Respondents by 
Size 

influenced by the pattern of organizations for 
delivering water supplies in the states. California 
had the largest number of utilities in the 
population and the largest number of 
respondents, accounting for 17 percent of all 
respondents. Florida, New York, Pennsylvania, 
and Texas each had 20 or more respondents. 

Respondents were distributed by size as shown 
in ~ i g u r e  111-2. About 30'percent were from 
utilities that deliver 10 million gallons per day 
(MGD) or less. A little more than one-third 
delivered between 10 and 25 MGD, one-sixth 
between 25 and 50 MGD, and about one-fifth 50 
MGD or more. 

The distribution by type of source is given in 
Figure 111-3. Utilities with only surface sources 
accounted for one-third of the respondents while 
those with surface supplies who also 

purchased water accounted for another 5 percent. Groundwater-only sources made up just over 
one-fourth of those who returned the questionnaire, and another 11 percent had groundwater 
purchase arrangements. Those using surface and groundwater sources conjunctively accounted 
for 16 percent of the respondents, and about one-third of' those also made purchases. 

Exactly 50 percent of those utilities who responded to the survey were affected by the 
drought to the extent that they requested 
their customers to reduce water consumption 
during 1988. Others may have taken the 
alternative of acquiring additional supplies 
without conservation, but that question was 
not asked. Results illustrated in Figure 111-4 
show that 63 percent of the utilities on 
conservation (31.4 percent of all utilities) 
asked only for voluntary actions. The other 
37 percent of the affected utilities (18.6 
percent of all) used some form of mandatory 
conservation either with or without voluntary 
measures. About 9 percent of the consewing 
utilities went directly to some form of 
mandatory restrictions. The drought of 1988 
apparently caught many utilities by surprise 
because 55 percent of those who were on 

. - 
Type of Source 

ea Only With Purchase 

Figure 111-3. Distribution of Respondents by Type 
of Source 



conservation in 1988 do not anticipate any 
seasonal shortage over the next 5 years. 

Effects of the drought fell about equally on 
those who use surface sources, those who use 
groundwater sources, and those who use surface 
and groundwater sources conjunctively. A slightly 
smaller percentage of surface sources were 
affected, 44 percent as compared with the overall 
rate of 50 percent, as shown in Figure In-5. 

The geographical distribution of utilities that 
requested reductions in use is shown in Figure 
m-6. That figure also shows the areas of the 
country that were defined as being in either 
"severe" or "extremew drought as of July 31, 1988. 
Three areas seem to havebeen the hardest hit; 
namely, (1) California, (2) a mideastern band Figure 1114. Extent of Conservation by Degree 

in 5988 stretching from the Great Lakes southward 
through the Ohio and Tennessee River Basins 
into North Georgia, and the Northeast coastal area. There appears to be some general 
agreement between the locations of affected utilities and the drought areas as defined by the 
federal agencies, but there are some areas of disagreement. Florida, which was hard hit by the 
drought of 1986 in the Southeast, had fewer problems in 1988, but about 30 percent of the 
respondents in Florida indicated that they called for consenration in 1988. Drought maps do 
indicate only pockets of severe or extreme conditions in the Northeast, 
but a significant number of utilities reported the use of conservation in that region. 

Drought Policies 

Type of Source 

by Type of Source 

One indicator of the state of preparedness of 
water suppliers to manage the effect of 
droughts is the existence of written policies 
for actions that are to be taken in the event 
that a drought occurs. As seen in Figure In- 
7, slightly less than one half (49.6 percent) of 
the utilities had written policies for drought 
contingencies before the drought of 1988, 
and an additional 7.7 percent wrote policies 
for the first time after the start of the 
drought. Of those who had policies before 
the drought, 22.6 percent have made 
revisions since then. The survey did not ask 
about previous experiences with droughts, but 
those who were affected in 1988 were more 
IikeIy to have policies than those who were 
unaffected. Data in TabIe m-2 shows that 
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Figure 111-6. Drought-Affected Areas and Locations of Utilities on Conservation in t 988 

41.5 percent of the utilities that were unaffected in 1988 had written policies compared to  58 
percent of affected utilities. Also, as one might expect, the drought of 1988 served to stimulate 
the writing of drought policies. There were 53 utilities that requested consewation in 1988 that 
did not have written policies before then; 25 of them (47.2 percent) wrote policies during 1988. 
Furthermore, only those utilities that were affected had much policywriting activity in 1988. Of 
those that wrote first-time policies in 1988, 90 percent were affected by the drought. Similarly, 
87 percent of those that have revised their policies since the beginning of 1988 were affected. 

Somewhat surprisingly, the size of a utility was not much of a determinant of whether it had 
a wri'tten policy o r  not. Figure ID-8 illustrates the finding that 51 percent of the  utilities that 
deliver 10 MGD or less had policies while only 58 percent of those with delivery in excess of 
100 MGD had policies. 

Impacts of Conservation 

The  existence of a drought policy was strongly related to  the estimated impact of 
conservation efforts in 1988 as indicated by the data in Table In-3. For those utilities without 
written policies, 74 percent of their managers reported normal daily use was reduced by 0-10 
percent; another 20 percent reported impacts in the range of 10-20 percent, and 6 percent 
estimated impacts in excess of 20 percent. That distribution was quite different for utilities with 



Table II1-2 DrougM Policies by Conservation Experiences and Anticipated Shortages 

Written Drou~ht Policies 
Number Percent 

Without With Without With 
Conservation Requested 
in 1988 

No 
Yes 

Total 

Shortage Anticipated 
Over Next 5 Years 

No 
Yes 

Total 

u ~ i t t e n  policies. A much lower percentage (54) reported impacts in the lowest range of 0-10 
percent, and a much higher psrcentage (19) placed the reductions in excess of 20 percent. 

Although the existence of a written policy for drought contingencies may have very little 
direct impact on consumer behavior, it may signal the existence of a strong conservation 
program with supporting public information. The nonexistence of a written policy probably 
reflects a rather casual view of the need for consemation. By using mid-range values in the first 
three intervals of Table XI-3, the weighted 
average effect of consemation without a policy 
was a reduction of 7.5 percent. With a policy, it 
was 10.7 percent, a 43 percent increase over the 
effect without a policy. 

The effectiveness of consemation measures 
was also influenced by the level of consewation 
that was requested. As seen in Table 111-3, 
reductions in normal daily demand increased 
considerably when consenation switched from 
voluntary to  mandatory. With voluntary nearly 70 
percent of the utilities reported reductions in the 
range of 0-10 percent and only 30 percent 
indicated reductions greater than 10 percent. By 
contrast, for those that went into mandatory 
conservation, either directly or  after voluntary 
efforts, 60 percent reported reductions in excess 
of 10 percent. Using the same logic as stated 
above, the weighted average reduction with only 

Ygure 111-7. Utilities Covered by Writfen 
DrougM Policies 



Table 111-3. Effectiveness of Conservation 

All Utilities 
No of Utilities 
% of Total 

Drought Policies 
Without 

No. of Utilities 
% of Total 

With 
No. of Utilities 
% of Total 

Level of Conservation 
Voluntary Only 

No. of Utilities 
% of Total 

Mandatory 
No. of Utilities 
% of Total 

Percent Reduction in Normal Daily Use 

0-10 10-20 2030 Over 30 - 

voluntary actions is 8.3 percent. \\%en mandatory measures were used, with and without 
voluntary measures, the estimated reduction averaged 12.0 percent. This difference is 
attributable not only to the punitive measures associated with mandatory restrictions but also 
the degree of urgency communicated by water management officials to the consuming public. 

Decision Support Sjstems 

As previously stated, the existence of a 
quantitative decision support sjstem (here 
referred to as a DSS for convenience) is 
another indicator of preparedness. 

Only a moderate number of utilities are 
presently using DSS's. As indicated in Figure 
III-9, 39 percent of the utilities that have 
written drought management policies have a 
DSS. Ln this case size does make a 

- .  
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difference. For those utilities with 
drought policies the percentage that has a 
DSS does increase with the size of the 
utility. Nearly two-thirds of the very large 
utilities that have a drought policy also 
have a DSS. However, only 28 percent of 
all reporting utilities have such a system, 
and only 37 percent of those delivering 
100 MGD or more have them, 

Appropriateness of Decisions 

A modest effort was made in the 
survey to examine retrospectively the 
appropriateness of managers' decisions in 
1988 and how that might have been 
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Drought Policy 
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affected by their state of preparation. Did 
managers under-react, overreact, or were decisions about right? Did the existence of policies 
and DSS's make a difference in the quality of those decisions? 

1 

To answer these questions in a comprehensive and rigorous manner is a complex and 
difficult task. Criteria would have to be established as a basis for making necessary judgments. 
and considerable analj3es of indikjdual systems with and without a DSS would have to be run. 
Furthermore, the analyses and judgments would have to be made by an impartial judge or panel 
of judges, not by those who made the decisions. 

Figure 111-9. Existence of Decision Support System 
by Size and by Existence of Wrilfen 

Despite the limited information on which some of their judgments may be based and despite 
the possible bias in their responses, it is interesting and useful to know how the managers rated 
their own judgments in 1988. As shown in Table 111-4, the managers as a whole tended to view 
their judgments quite favorably. About 82 percent felt that their decisions were just about right, 
17 percent thought that their actions were not stringent enough, and very few felt that their 
actions were too stringent. Their judgments about the quality of their decisions did appear to be 
influenced by the  seriousness of the situation and by the existence of a DSS. For those who 
went only to voluntary consemation, 86 percent felt that their decisions were just about right. 

Such  a finding is not surprising, of course, because if they felt that they needed more stringent 
action, they could have taken it. That percentage dropped to 76 for the utilities that went to 
mandatory conservation, and among this group 21 percent stated that their actions were not 
stringent enough. Thus, even though the level of satisfaction with their decisions remained high, 
a smaller percentage of managers found their decisions to be adequate. 

Decision support systems added marginal increases to the level of satisfaction in decision 
making for all the utilities on conservation in 1988. The increase in satisfaction was higher 
among those that went to mandatory conservation. Table Ill-4 shows that the level of 
satisfaction for aU consening utilities increased from about 80 percent for those without a DSS 
to 86 percent for those with a DSS. However, for those that went to mandatory measures, the 
level of satisfaction increased from 72 percent without to 85 percent with a DSS. 



Table Ill4.Appropriateness of Decisions 

Appropriateness 
Not Stringent About Too 
E n o u ~ h  Riqht St r in~ent  

All Utilities on Conservation 

Number 
% of Total 

Decision Support System 
Without 

Number 
% of Total 

With 
Number 
% of Total 

Level of Conservation 
Voluntary Only 

Number 
% of Total 

Mandatory 
Number 
% of Total 

The fact that there was a generally high level of satisfaction among managers about their 
decisions in 1988 is not too surprising given the fact that over 60 percent of those calling for 
consewation requested only voluntary actions of their customers. Other findings from this survey 
were somewhat unexpected, however. Although the news media correctly portrayed the drought 
of 1988 as being very serious in some regions, the fact that one-half of all urban water utilities 
in the country called for comevation revealed very widespread impacts. Also revealing is the  
fact that groundwater supplies, often regarded as less susceptible to droughts, were more 
frequently affected than surface supplies. 

The findings also suggest that there is considerable room for improving the sate of 
preparedness of water supplies to  mitigate the effects of droughts. Only one-half of the utilities 
had wn'tten policies at the start of 1988, and the effectiveness of conservation programs is 
strongly influenced by the absence of written policies. The nonexistence of a written policy is an  
indicator of the lack of commitment to  an effective short-term conservation program, and the  



lack of written policies in one-half of the utilities before 1988 points t o  the  need for 
improvement. 

Further e\idence of the need for improvement is the limited use of quantitative methods t o  
aid decision-making processes. Formal techniques should not be  viewed as a substitute for 
professional judgment, but the quality of those judgments should be  enhanced by better 
information about probabilities and magnitudes of shortages. T h e  data show that t o  b e  true 
especially among the more severely affected utilities. 





CASE STC;DIES 

Some data about plans that have been developed for managing public water supplies during 
drought conditions can be  obtained by mail surveys such as those reported in Chapters I1 and 
111. Other, more detailed information, can obtained only through more in-depth examinations of 
selected cases, and the findings of seven such investigations are reported in this chapter. 
Included are examinations of the following systems: 

1. the Chattahoochee River-Lake Lanier system that serves the metropolitan area of 
Atlanta, Georgia; 

2. Durham and the Orange Water and Sewer Authority of North Carolina; 
3. the South Florida Water Management District; 
4. the Massachusetts Water Resources Authority, sening the metropolitan Boston area and 

four other senice  areas; 
5. Portland, Oregon; 
6. Seattle, Washington; and 
7. the systems sening the metropolitan area of Washington, DC. 

Although these particular systems represent a broad array of public water supplies in the 
United States, their selection was not done in a manner that would support the generalization 
of any findings to the entire population of public water supplies. Rather, this group was 
selected from a larger set of possibilities for two primary reasons: (1) to  illustrate a variety of 
types of supplies; and (2) to identify some of the more innovative practices. One  of the 
characteristics of the systems included in this group is that their management indicated a 
willingness to  provide substantial additional documentation. With one exception, all had 
experienced the effects of a serious drought with the past two years. Other possibilities that 
were tentatively identified on the basis of responses to the mail surveys were not included for a 
variety of reasons. Some of them, like the Edwards Aquifer region in Texas, had innovative 
drought management programs, but recent droughts had affected only water distribution systems, 
not sources of supply. Others would have been very similar to  one o r  more of the spterns that 
were included. 

The systems that were included have particular features of interest. The Chattahoochee 
River-Lake Lanier system is one that serves many purposes-public water supply, flood control, 
hydroelectric power, recreation, water quality management, and navigation. It is managed by the 
U.S. Army Corps of Engineers, but the State of Georgia regulates water supply withdrawals. 
Durham and the Orange Water and Sewer Authority in North Carolina were selected because 
of their past experiences with droughts, their development of new management techniques, and 
because of their interdependencies. Of special interest in South Florida is 
the Water Management District's groundwater model that provides a basis for its risk 
assessment. The Massachusetts Water Resources Authority has two particular characteristics of 
interest, namely it operates a system where current rates of demand exceed the safe yield of the 
system, and it has a well-developed drought management plan. Portland was included because of 
its advanced state of planning and supporting analytical methods, and Seattle, which in many 
ways is similar to Portland, was included because of innovations in supporting analytical 
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methods. The Washington 
Metropolitan area is a case where 
strong regional cooperation over 
the past decade has been nurtured 
by the development of advanced 
forecasting techniques. 

Each case begins with a 
description of the supply and 
demands. That is followed by a 
description of the drought 
contingency plan and the criteria 
on which it is based. Where it is 
available, effectiveness of the plan 
during drought conditions is also 
reported. 

Elevation 
Top of flood pool 

1085 
Storage = 599,000 ac-ft ( t  95,000 UG) 

Storose - 1,195,000 oc-ft 
(389,000 uc) 

Figure IV-2 #location of Sforage in Lake Lanier 

Atlanta, Georgia is a case where the city and surrounding areas draw their supply from an 
intensively used multipurpose reservoir that is owned and operated by the U.S. h y  Corps of 
Engineers. Withdrawals are limited by and drought policies are implemented by the State of 
Georgia. The criteria for invoking these policies in 1986 and 1988 included considerations of 
equity among the various uses that were disrupted by the droughts. 

Description of System 

Sup~ly.  A map of the water supply sl5tem in the Atlanta area is shown in Figure IV-1. It 
includes that portion of the Chattahoochee River Basin above and in the vicinity of Atlanta. 

@ The dominant feature in the supply is Lake Lanier, a multipurpose reservoir operated by the 
U.S. h y  Corps of Engineers out of their district office in Mobile, Alabama. Lake Lanier is 
the impoundment behind Buford Dam and is sometimes referred to as Buford Reservoir. 
Selected dimensions of the lake are shown in Figure IV-2. The flood pool is 600,000 acre-feet, 
and the conservation zone, between ele\rations 1030 and 1071 feet above mean sea level, 
contains 1.12 million acre-feet or 389,000 million gallons (MG) of storage. Water in the 
wnsenyation zone is used to generate hydroelectric power, as a public water supply, navigation, 
and water quality enhancement. 

Average inflows to Lake Lanier by week of the year can be calculated from the averages a6 
two upstream gages. The gages are located as shown in Figure IV-I, and average flow are 
shoun in Figure IV-3. As shown, maximum weekly floss occur in March and April then decline 
in summer and fall. 

Demand. There are four local governments that withdraw at least 25 MGD from Lake Lanier 
or from the Chattahoochee River or downstream above its confluence with Peachtree Creek 
Annual average rates of withdrawals by those local governments have averaged 245 MGD over 
the period 1980-1988 as shown in Figure IV-4. In addition to the water supply 
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Supply in the Atlanta Area 

target is a minimum instream target of 750 cubic feet per second (cfs) in the Chattahoochee 
River just upstream of the confluence with Peachtree Creek. That target is intended to 
maintain flows that are sufficiently large to avoid adverse water quality conditions that would 
othenvise occur from the discharge of emuents from several wastewater treatment plants and 
the flow of other contaminants from nonpoint sources. The target is instantaneous (to be 
satisfied at all times). 

Drought Contingency Plan 

No formal drought contingency 
plan exists for managing demand 
and supply in this particular 
sptem. Under normal conditions 
operation of the reservoir 
generally follows the "Reservoir 
Operating Guide Curvew as 
described in the reservoir 
regulation manual for Buford 
Reservoir. The primary purposes 
of Lake Lanier are hydropower, 
flood control, and navigation; 
water supply and water quality 
control are secondary. For most of 
the year the Corps seeks to 
maintain the level at or near the 
top of the conservation pool at 
elevation 1071. The Corps 
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managed, and supplies are allocated during drought conditions when the reservoir falls below 
the target levels on the guide curve. According to the Corps, when the lake level drops below 
the rule curve by 5 feet or more, small consewation measures are implemented, including the 
shaving of releases for hydropower and navigation. Further declines lead to more reductions 
until the discharges are limited to the purpose of water supply and maintenance of water 
quality. During the droughts of the 1980's, the lake was operated "almost solely for those two 
purposes" (Edmund B. Burkett, personal correspondence, March 14, 1989). 

These rules are not specific, however, and details of how available resources are to be  
allocated during droughts are left in large part to the discretion of state and federal agencies. 
The conservation pool has not been sold to cost-sharing cooperators as is the case in other 
federally owned reservoirs. In 1983 the states of Florida, Georgia, and Alabama joined the 
Corps of Engineers in forming a drought management committee to formulate and coordinate 
actions in the Appalachicola-Cha ttahoochee-Flint basin. With the formation of this committee 
the process for making decisions was established, but the criteria for making decisions remain 
non-specific. 

The  State of Georgia has the authority under the Water Quality Control Act to issue 
emergency orders to water purveyors to  restrict the use of nater. That authority was exercised 
in June 1986 and May 1988 to direct municipalities in the Atlanta Metropolitan area to limit 
outdoor use of water. The state's Emergency Water Shortage Plan consists of three steps as 
follows (State of Georgia, 1987): 

Step I. Enforced Outside Water Use Restrictions. The state will request or, if' necessary, 
order one or more communities to restrict outdoor water use to specified days or 
bours. 



Step 11. Enforced Outside Water Use Bans. This action requires a community to  stop all 
outdoor uses including lawn watering and car washing, and it may reduce 
deliveries to  high-volume businesses. 

Step 111. Water Use Ban for Non-essential Purposes. 

Criteria. Criteria for implementing the state plan is as follows: 

Step 

I 

I1 

111 

l&oerine Criteria 

- Community exceeds 90 percent of permitted withdrawal, o r  

- Exceeds maximum safe production level, or  
- Experiences pressure levels below 20 psi, o r  
- Streamflow below water intake is less than 1.2 

times the 7 day - 10 year low flow. 

- Step I not effective, o r  
- Exceeds permitted withdrawal, or  
- Exceeds maximum safe production, o r  
- Experiences low pressure, or  
- Streamflow below water intake is less than 0.5 

times the 7 day - 10 year low flow. 

- Step I1 fails to prevent loss of senice, o r  
extreme low flows persist, severely limiting 
the amount of water available. 

The decision to  invoke water restrictions on communities in the Atlanta area in 1986 and 
1988 was not made because of concern that public water supplies were at risk. A mid-summer 
report from the Office of the Governor (State of Georgia 1988 Mid Summer Drought Report, 
August, 1988) states that the metropolitan Adanta area was not projected to  face drinking 
water shortages because of ample supplies in resewoirs. Despite declining levels in Lake Lanier 
that reached elevation 1055 in 1986 and 1056 in 1988, there was plenty of water left for water 
supply. Results of a simulation model prepared for this study, given in Figure TV-5, showed that 
the risk of shortages would not become significant until the level of Lake Lanier dropped to  
1043 feet (Moreau, 1989). Even with a reserve of 50 percent of storage required for water 
supply, the critical level would be approximately 1047. 

However, the State of Georgia argued that other considerations justified the decision t o  
invoke conservation in the Atlanta area. Power generation at Lake Lanier was reduced in 1966 
at a replacement ms t  of $20 million; the intensive recreational use of the lake was disrupted by 
lower water levels; and downstream navigation interests were unable to  use a dependable 
channel for 50 percent of the drawdown period in 1986. The issue of equity in sharing the 



burden of the droughts was cited as a contributing factor (David M. Word, Chief-Georgia 
M7ater Resources Management Branch, personal communication, May 22, 1989). 

Effects of Consen7ation 

&timation of the effect of water conservation, as discussed in more detail elsewhere in this 
report, is a complex process. O n e  set of estimates prepared by the  Atlanta Regional 
Commission illustrates the kind of error that is easy to  make. In its "Short Term Water Supply 
Plan Report" (ARC, 19S8), the Commission took the rate of withdrawals in the week prior to  
implementation of conservation (June 1-7, 1988) as the estimate of demand without 
conservation. All changes in demand in subsequent weeks were then attributed to  conservation. 
That approach, commonly used elsewhere, ignores other important factors, most importantly 
seasonal shifts in use and the effects of rainfall and temperature. The  consequences of 
overlooking these effects can lead to  large errors in the estimates. 

The  case of water withdrawals by the City of Atlanta in 1988 illustrates the point. For  
simplicity only the  effects of ignoring seasonal shifts are considered. Long-term trends in those 
withdrawals were eliminated by subtracting from each weekly withdrawal the within -year base 
use estimated by the average rate of withdrawal over the first 17  weeks and the last 9 weeks in 
each year. Then, seasonal effects for each week of the year were estimated using withdrawal 
data for the non-drought years 1980-85 and 1987. These effects are shown in Figure W-6 along 
with weekly withdrawals for 1988. There it may be noted that, before the 22nd week when 
consemation was invoked, withdrawals in 1988 were substantially higher than mean values. 

Using the A R C  approach, the effects of conservation would be  calculated by taking 
differences in withdrawals in the 22nd \*leek and those in subsequent weeks. Results of those 
calculations are given in Figure IV-7, and they show that after the first few weeks, the effects 
of conservation increase over the remainder of the year. However, if adjustments are made for 
seasonal shifts, a very different result is obsewed. That adjustment is made by taking the 
difference between the 1988 values and the mean values for non-drought years. These results, 
also s h o w  in Figure IV-7, and indicate that conservation had the effect of gradually dropping 
demand by about 20 MGD to  average non-drought levels over the first 5 weeks. It did not 
reduce demand below what would be expected in non-drought years. It  is obvious that seasonal 
shifts cannot be ignored in this case, and climate variables may also have a significant effect o n  
these estimates. 

hZ4SSACHI:SETTS W4TER RESOURCES A4UTRORITY 

If the demand on a water supply system never exceeded the s p e m  safe yield, then a 
Drought Management Plan (DMP) would theoretically (with perfect foresight) not be  needed 
since a shortage would never occur, at least as indicated by the historical record. As demands 
approach and surpass the safe yield, shortages become increasingly likely and the need for 
drought contingency plans becomes correspondingly greater. Ultimately, when demand far 
exceeds the safe yield, the system can exist for long periods of time under stressed conditions 
and "drought" management planning, typically regarded as an infrequent activity of  relatively 
short duration, can become essentially indistinguishable from long term conservation planning. 



NEW HAMPSHIRE 

%mud '&Mum 

L I 
Figure IV-8. Supply System and Demand Centers for the Massachusetfs Water Resources 

Authority 

The Boston metropolitan area provides an example of a water supply that is particularly 
susceptible to  "drought" due to demands that exceed s p e m  safe yield. Experiences with that 
system are described in the drought management plan of the Massachussets Water Resources 
Authority (MWRA, 1989). 

Description of Sj-stem 

MWRA supplies water to  some 2.5 million people in Boston and surrounding communities, 
nearly one  half of the population of Massachusetts. MWXA is an independent public agency 
created in 1984 by the Massachusetts legislature for the primary mission of modernizing the 
metropolitan Boston area water and sewer sj3tems and to  clean up Boston Harbor. As an 
independent agency, it is not financed by state government but instead must raise all revenues 
from water and sewer rates, bond sales, or  grants. MWRA assumed from the Metropolitan 
District Commission (MDC) responsibility for delivery and distribution of water for 46 
communities in 1985. M D C  retains management responsibility for the watersheds and reservoirs 
while local utilities purchase water from MWRA for final delivery to the customers. Thus, 
MURA's water supply function is that of a wholesaler to  local utilities. 

The MWRA and M D C  water supply sytem, shown in Figure IV-8, relies largely o n  two 
reservoirs, the very large Quabbin Reservoir with 186 square miles of watershed located some 
65 miles from Boston and the Wachusett Reservoir with 108 square miles of watershed. Both 
reservoirs deliver high quality water requiring little treatment. In addition, a limited quantity of 
the runoff from 98 square miles of the Ware River watershed is diverted to  Quabbin. Safe yield 
of the Quabbin/Wachusett and Ware River sources is estimated at 300 MGD. Several smaller 
reservoirs in the Sudbury watershed, the Sudbury Reservoir and Framingham Reservoirs 1, 2, 
and 3, are not actively used due to relatively poorer water quality and could not be brought on 



line on a regular basis unless filtration facilities were provided. The incremental safe lield from 
addition of these 4 sources has been estimated at 20 MGD. 

With an elevation difference of over 500 feet between Quabbin and Boston and nearly 400 
feet between Wachusett Reservoir and Boston, most of 3lWRA's deliveries are by gra\ity 
through an extensive system of aqueducts. Power is generated at several locations where 
significant elevation changes occur. Pumping is required to serve a few high elevation areas in 
the outskirts of Boston. 

The heart of the supply system is the Quabbin Reservoir, one of the largest reservoirs in 
the world built exclusively for water supply. Completed in 1938, Quabbin impounds some 419 
billion gallons representing nearly 4 years supply for the senice area. With the addition of 
another 58 billion gallons of storage from the Wachusett Reservoir, the combined s r t e m  
impounds approximately 1.3 billion gallons per square mile of watershed area, well beyond the 
typical development of watersheds in New England. Indeed, the Quabbiflachusett watersheds 
are essentially 100 percent developed with a safe yield that is nearly equal to their long-term 
average runoff. T o  place the storage in a relative context, New York City's reservoirs p ro~ jde  
only slightly more total storage (500 billion gallons) but must serve nearly 5 times the demand 
of the MWRA system. 

Drought Management Plan 

MWRA and MDC have together established a drought management plan that uses 
triggering points based on Quabbin Resenroir levels. Quabbin is used because it is the largest 
reservoir and Wachusett's level is maintained essentially constant to protect water quality. A 
shown in Figure IV-9, five drought status indicators were chosen: "below normal", "drought 
warning", and 3 stages of "drought emergency". Each stage is triggered when the Quabbin 
Reservoir drops below a specific percentage full. The first 3 triggering levels are largely driven 
by the desirability 
of maintaining ' 

Quabbin levels 
above 38 percent 
full. Below 38 
percent full water 
is still physically 
accessible; however, 
much of the 
reservoir bottom in 
the headwaters 
would be exposed 
and long periods of 
exposure could lead 
to vegetation 
growth and 
subsequent water 
quality problems. 
No rigorous 
technical criteria 
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were used t o  determine the specific levels; rather, they were selected on  the basis that they 
should follow the same annual pattern as the normal rule curve and should also be  spaced far 
enough apart as to  provide sufficient time for local utilities to  respond to  the requirements of  
each status level. 

The  significant actions associated with each triggering level are provided below: 

"Below Korma1"-No major actions by either MWRA or  local communities other than ongoing 
consemation efforts. Goal is t o  restrict demand to  no  more than 19S8 levels (as required by the 
Massachusetts Department of Environmental Quality Engineering). 

"Drought Warningw-h/U7RA increases frequency of status reporting to communities, begins 
preparation of instructional materials in anticipation of worse problems, and establishes a "water 
bank" process whereby communities, industries, or  commercial facilities that achieve significant 
savings can get credit for early actions in later stages of drought and not be restricted as much 
as others that did not cooperate early on. Communities identi@ drought coordinator, accelerate 
leak repairs and toilet retrofits where possible, and institute mandatory restrictions on outdoor 
water use. Goal is to  reduce demand to  5 percent below 1988 levels. 

"Drought Emergency Stage 1"-MWRA increases previous efforts and also begins planning 
stages for use of Sudbury Resen~oir  and reduced downstream release requirements for Quabbin 
Reservoir and Ware River. Communities ban all non- health-related outdoor water use, contact 
large users directly to request cutbacks, and consider rate changes to  encourage additional 
conservation. Goal is to  reduce demand to  10 percent below 1988 levels. 

"Drought Emergency Stage 2"-MWRA provides guidance for establishing a rationing program 
and implsments enforcement strategy to  ensure that all communities are being affected 
equitably. Communities establish a mandatory rationing program, mndib  rate structures, and 
institute a moratorium o n  new connections unless certain criteria are met. Goal is 15 percent 
reduction of demand relative to  1988 levels. 

"Drought Emergency Stage 3"-MURA brings Suddury Reservoir on-line and implements 
reduced downstream releases for Quabbin Reservoir and Ware River subject to  state and 
federal approvals. Communities implement any feasible emergency sources or  interconnections 
and revise rationing requirements to  achieve 30 percsnt reduction relative to  1988 levels. 

Use of Drought 3lanagernent Plan 

Since the Quabbin Reservoir was filled in the 1930's the MWRAMDC system has 
experienced only one  major droughtdur ing  the 1960's. No formal drought management plan 
was in place at that time and the only restriction imposed was a request for voluntary outdoor 
conservation for a six week period in 1966. This restriction was requested more for purposes of 
easing an hydraulic restriction problem in the Wachusett Aqueduct (since corrected) than for 
source limitations. A short-term dry period occurred in 1981 which led to  the establishment of a 
drought management plan similar t o  the current plan described above. This earlier plan was 
used to  request voluntary conservation based on  Quabbin's falling to  the "drought watch" stage. 
Fortunately, the winters of 1982 - 19&l were quite wet and no  further restrictions were 
necessary. 



Following the wet uinters of 1982 - 1984, the Quabbin Reservoir was full in the Spring of 
1984. Subsequent years have had poor rainfall and Quabbin levels have generally declined ever 
since. T h e  first three months of 1989 were unusually dry and, in conjunction with high demands 
(336 MGD in 1987 and no lower than 324 M G D  in 19S8), Quabbin finally fell t o  68 percent 
full o n  April 1, 1989, the lowest April 1 level since 1973. This triggered a "drought warning" 
status and time-of-day mandatory restrictions o n  outdoor water use. Heavy rains during April 
and continuing into the early summer have alleviated the situation somewhat although, as of 
this writing in July 1989, the system remains in the "below normalw status. 

Simulation of Effects of Drought Management Plan 

In  response to  the long-term problem of demand exceeding safe yield, MWRA has decided 
to postpone development of new supplies and, instead, attempt to  bring demand below existing 
safe yield through an ambitious conservation program. Only if long-term conservation fails t o  
bring supply and demand safely into balance will new supply development be  initiated. T h e  
consemation program includes such measures as leakage detection and repair and the 
installation of water saving furtures. 

MWRA's drought management plan proved useful in a study undertaken to  simulate the 
effects of various demand reduction scenarios. A model was developed to  simulate Quabbin 
levels over time under alternative constant demands. The  drought management plan was built 
into the model so  that whenever a triggering level was reached, demand was reduced in 
accordance with the plan's percentage reduction targets. Inflow data from the past 41 years 
were used to  simuIate Quabbin levels that would have resulted from these inflows under various 
demands both with and without the plan. 

At demand levels of 340 MGD (current usage is 320 MGD), the simulation indicated that, 
without the plan, Quabbin would have gone completely dry during the worst drought of record 
in the mid-1960's and would have remained empty for several years. With the drought 
management plan and 310 MGD demand, only an 80 percent drawdown was realized and 
recovery to  normal levels was much more rapid. At a demand equal to  the safe yield of 300 
MGD,  the simulation showed that, without the plan, the 1960's drought would have resulted in 
a minimum pool of slightly less than the desired minimum of 38 percent and would have 
remained there for several years. With the plan, approximately the same minimum pool is 
reached but, again, recovery is much more rapid. 

At  a demand of 280 MGD, 20 MGD less than safe yield, a minimum pool of  approximately 
45 percent is reached, well above the 38 percent minimum desired level. At  this demand, 
rationing is limited t o  1 percent of the 41 year simulation period and outdoor use restrictions 
would occur 18 percent of the years (at current, 320 MGD demands rationing would occur 7 
percent and outdoor use restrictions 21 percent of the time even with the plan). Because the  
DMP is invoked relatively infrequently at 280 MGD demand, there was n o  significant difference 
in simulated Quabbin levels with and without the DMP, simply illustrating that drought planning 
becomes proportionately less necessary as demand drops below safe yield. Based o n  these 
simulations, M U R 4  has adopted 280 MGD as the target for the long- term consewation 
program. 



SOUTH FLORIDA WY4TER r\ZLVAGEhEST DISTRICT 

Water use in South Florida is highly conjunctive with water supplies coming principally 
from aquifers which derive much of their recharge from surface water canals. It is also highly 
complex since the annual patterns of rainfall typically result in a wet season where flood control 
is apt to be the primary management 
focus while, in the dry season, 
management of dwindling supplies is the 
more likely scenario. Against this 
background, the drought management 
activities of the South Florida Water 
Management District are highlighted in 
this case study. 

Description of System 

In response to a major hurricane in 
1947 which caused extensive flooding in 
central and southern Florida and left 
flood waters standing for several months, 
the Florida legislature created the Central 
and Southern Florida Flood Control 
District (FCD) in 1949. In 1972, the 
Florida Water Resources Act recognized 
the increasingly complex character of 
water resources management and divided 
the State into 5 regional water 
management agencies, renaming the FCD 
the South Florida Water Management 
District (SFWMD) and greatly expanding 
its responsibilities. In addition to flood 
waters, SFUI'MD today manages surface 
and ground water resources for water 
supply, environmental protection, and 
water quality protection. A major 
operational goal is the simulation of 
natural flow regimes in Everglades 

i'gure N-10. Surface Water System under the 
jurisdiction of the South Florida Wafer 
Management District 

National Park through the district's system of levies and canals. 

SFWMD's surface water system is shown in Figure IV-10 and is designed primarily to 
remove flood waters from the sjstern of lakes in south central Florida-the Kissimmee area 
lakes and Lake Okeechobee, the second largest freshwater lake wholly within the United States. 
Prior to  construction of the system, storm waters would simply overtlow the south shore of 
Lake Okeechobee resulting in sheet flow across south Florida nourishing the Everglades. 
Construction of levies and the system of canals, which have terminal discharges to the ocean, 
now permit control of these floodwaters. 



Like other subtropical regions, South Florida has a wet season, from June through 
October, during which much of the total annual rainfall occurs in the form of afternoon 
thunderstorms and occasional hurricanes. The remainder of the year, November through May, is 
relatively much drier, but is also the time of peak water demand due to agricultural irrigation 
and the large winter tourist population. Thus, the s r t e m  of lakes, levies, and canals is operated 

- - - 

Figure N-17. Levels in Lake Okeechobee that Trigger Phases of the Sout 
Fion'da Wafer Shortage Plan 
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for the  dual 
purposes of 
removing excessive 
waters during the 
wet season and 
storing some of this 
water for 
subsequent use 
during the dry 
season. 

With the 
exception of a few 
communities 
wit hdrauing directly 
from Lake 
Okeechobee and 
several coastal 
communities using 
desalination, all 
municipal water 
supply in south 
Florida comes from 

ground water. SFRTMD is the state agency responsible for issuing permits for ground water 
withdrawals. On the southwest coast, aquifer recharge is from local rainfall while in the 
southeast local rainfall recharge is augmented by percolation from the extensive canal system. In 
many areas of southeast Florida, municipal well fields are located in proximity to the canals to 
take advantage of this increase in yield. During periods of low ground water and/or high 
demand, a major operating objective of the canal sjstem is ground water recharge to prevent 
salinity intrusion. 

Drought Contingency Plan 

As required by Florida statutes, SFWMD developed a Water Shortage Plan originally in 
1982 with the latest revision occurring in January 1986 (SFWMD, 1956). The stated purpose of 
the Plan is "to protect the water resources of the District from harm; to assure equitable 
distribution of available water resources among all water users during times of shortage, 
consistent with the goals of minimizing adverse economic, social and health related impacts; to  
provide advance knowledge of the means by which water apportionments and reductions will be 
made during times of shortage, and to promote greater security for water use permittees." 
Although the SFU'MD does not directly provide drinking water to  consumers, it does have 



authority to  enforce its demand restrictions. In addition, when a drought condition has been 
declared by SFWMD, its plan takes precedence over any local drought management plans. 

The Plan sets forth a tiered approach to drought management including drought status 
evaluation, water shortage declaration, and specification of water shortage phases as a function 
of the drought severity. In evaluating drought status, the district periodically estimates current 
and anticipated available surface and ground water supplies. The Plan identifies a variety of 
factors that may be evaluated by the district in evaluating drought status. O n  the  supply side, 
the factors include: 

* Historic, current and anticipated levels in surface and ground waters 
* The  hydrologic relationship between surface and ground waters 
* The  exqent to which present use restrictions might increase future availability o r  

postpone more stringent restrictions 
* Historic, current and anticipated demands of natural systems (e.g., Everglades Park) 
* Historic, current and anticipated seasonal rainfall variations 

O n  the demand side, suggested evaluation factors are: 

* Estimated current and anticipated demands 
* The  extent to which demands may be satisfied from other source classes 
* Estimated seasonal fluctuations in demands 

Before a formal "water shortage" is declared, two preliminary stages can be  invoked. The  
first is a "watch" in which local water suppliers are alerted to the possibility of drought 
conditions. The second is a "warning" in which the public and large water users are alerted and 
encouraged to  practice voluntary reductions. If the condition worsens, the next step is 
declaration of a water shortage in which mandatory restrictions are required. 

A water shortage status establishes four phases of shortage wherein the specific phase 
determines the types of restrictions that are in place. Each phase is correlated to  the overall 
percentage demand reduction that is estimated to be needed to balance demand and remaining 
supplies. Phase I is a "moderate" water shortage requiring a demand reduction of less than 15 
percent. Phase I1 is a "severe" shortage requiring demand reduction of as much as 30 percent. 
Phase 111 is an "extreme" shortage requiring demand reductions of as much as 45 percent. 
Finally, Phase IV is a "critical" shortage requiring demand reductions up to  60 percent. Demand 
reductions beyond 60 percent are not addressed. 

The Water Shortage Plan provides very detailed restrictions for many different types of 
uses. For example, clay tennis courts can be watered only between 12 PM and 3 PM o r  
between 9 P M  and 12 A?.? and for only 5 minutes per court. In general, the mandatory 
restrictions are aimed at inbation use, which is estimated at one-half of total water use in 

? 
South Florida. For urban irrigation, an odd-even address system is used where homes with odd 
addresses can irrigate between certain hours on certain days. Even addresses irrigate other days. 
The four water shortage phases progressively curtail the permissible irrigation periods. 



T h e  plan itself does not provide for specific triggering mechanisms for water shortage 
declarations but instead leaves this to best professional judgment. TO assist in making this 
determination, the SFWMD staff have developed computer models that forecast surface and 
ground water conditions based on  current conditions and historical data. These models are best 
described as "guidelines" in making water shortage declarations. A brief overview of these 
drought planning models follows. 

Surface Water 

Lake Okeechobee is considered the most important element of SFU'MD's surface water 
system and analytical methods for drought planning focus o n  this lake. As shown in Figure IV- 
11, "Critical" lake levels as a function of time of year have been identified that define the 
boundaries between various stages of SFNMD's  consswation phases (SFUMD, 1987). These 
critical lake levels were determined essentially o n  the basis of acceptable risks of the lake not 
being lower than a target lake level, 11-ft (MSL), at the end of the dry season, May 31. 
Because rainfall patterns exhibit a reasonably predictable annual cycle, it is presumed that Lake 
Okeechobee Hill fill (and spill) during the wet period, so long as the lake level entering the wet 
season is at least 11 ft. Thus, entering the wet season with a lake level of at least 11 ft t o  a 
large exient ensures that the lake will recover to  full (17.5-ft MSL) by the onset of the nex-t dry 
season and time of maximum demand. 

It is clear that, for any given month, the lower the lake level is at the beginning of that 
month the higher is the risk or  likelihood that i nadqua te  inflow will occur during the 
remainder of the dry season for the lake to end the dry season at o r  above the target storage. 
These risks were quantified through the use of a simulation model and the critical levels 
defined based on  acceptable risks of not meeting the 11-ft target. T o  illustrate, consider the  
critical level for drought "watch", the uppermost cuwe in Figure IV-11. The  points o n  this curve 
represent lake levels at which there is a 20 percent chance that the target storage will not be 
achieved. For esample, if the lake is at approximately 14 ft o n  February 1 and subsequent 
rainfall'runoff and demand patterns correspond to a - y e a r  return period drought condition (20 
percent probability), then the target storage will just be reached. Below this critical curve, a 
drought "watch" would be declared. The  "warning" critical level cuwe was derived using a 3-year 
return period (33 percent probability) rainfal1,'runoff and demand conditions while the Z o n e  A 
critical level is based o n  a 2-year return period drought. Below Zone  A, the critical levels for 
Zones B, C, and D are simply translations of the Zone A level at one-half foot spacings. Zones 
A, B, C, and D correspond to  Phases I through IV as defined in the Water Shortage Plan. 

The  critical lake levels were derived using the "Lake Okeechohee,'Lower East Coast 
projection model", a mass balance model that calculates water levels for Lake Okeechobee, the 
Water Conservation Areas (natural storage areas south of Lake Okeechobee), and the Lower 
East Coast service area under various rainfall conditions. Demands are calculated as a function 
of rainfall conditions. 

In addition to  demand management under the various drought phases, S m f D  also 
practices supply management for Lake Okeechobee in accordance with the critical levels as 
described above. Under watch conditions, a "Supply Side Task Forcew is mobilized. Under Z o n e  
A, B, o r  C conditions, where the target storage is not predicted to  b e  reached under average 



rainfall and demand conditions and normal lake operations, lake releases are rescheduled in an 
attempt to  achieve the target. Zone D operating conditions are not defined. 

Ground Water 

In response to drought conditions at the beginning of the 198411985 dry season, the 
SFWMD designated 35 monitoring wells throughout South Florida as "key indicators" of 
regional groundwater deficiency problems. These wells were selected on the bases that the 
period of record be  at least 10 years and that each well lie outside the cone of influence of 
local production wells. Frequency analyses were performed on historical data from these wells 
to derive time series plots of ground water level corresponding to various return periods, called 
"critical ground water levels". These critical ground water levels are then used as a bench mark 
against which current water level data can be compared to  see how severe the current situation 
might be, as measured by the historical record. 

The SFU'MD has recently completed a major modeling study to improve this general 
approach using Collier County as a prototype (Shih, Burns, and Bower, 1989). Collier County is 
located on the southwestern coast where aquifer recharge is from local rainfall only. Selected 
technical aspects of the model are briefly described in the following paragraphs. 

The Collier County ground water model predicts. for up to 6 months in the future, 
end-of-month ground water levels at each of 125 monitoring wells operated by the USGS. By 
applying a statistically based interpolation method (kriging) to the point predictions, regional 
water level contours can also be generated. The model can also generate return periods for 
specific ground water levels (observed or predicted) by fitting a Pearson Type I11 probability 
distribution to  historical data. These return periods on current or predicted levels are for 
screening purposes only and are not used to  define specific triggering levels for consemation 
actions as they were in the Lake Okeechobee model. Indeed, the ground water model 
developers note that one  limitation of the model results from a fundamental difference between 
surface and ground water systems, viz. that ground water systems do not, in general, possess 
natural maximum yields that, when exceeded, represent exhaustion of the resource. For 
example, when a surface water reservoir is empty, no more water can be withdrawn and the 
reservoir bottom represents a natural constraint for defining appropriate levels of demand 
consewation. In contrast, the modelers note that the availability of water is much more difficult 
to define for ground water systems. Consequently, while the model can estimate the return 
period corresponding to  a given observation or forecast, it provides little guidance in the way of 
quantifj-ing adverse consequences of this event. 

The ground water modeling approach is based on time series, transfer function methods. A 
separate transfer function model was developed for each of the 125 monitoring wells. Each 
model uses historical ground water levels as well as predicted rainfall as the basis for forecasts. 
Time series rainfall models were developed for each of the 13 rainfall stations in the county to  
provide rainfall predictions for use as input to the ground water transfer function models. 
Several alternative ARMA (Autoregressive-Moving Average) rainfall models were evaluated for 
each station with most converging to  ARMA (1,l). Since aquifer recharge may occur at some 
distance from the monitoring well, it was felt that the best rainfall time series to  use as input to  



a ground water model was not necessarily that from the closest rainfall gage. Instead, each 
rainfall time series was used to  find that which resulted in best predictive ability. 

Because the ground water models are empirical, forecasts cannot respond to  unnatural 
interventions, such as demand reductions or artificial recharge, that are not accounted for in the 
historical data. For this reason, a physically based ground water flow model is being developed 
that can simulate controls of this type. It is proposed that the two ground water modeling 
approaches, empirical and physically based, be integrated for optimal results. 

While the monitoring wells described above for Collier County and those in the remainder 
of South Florida are useful in assessing region-wide conditions, the actual triggering mechanisms 
for demand management in ground water areas are associated w'th another monitoring network, 
the Salt Water Intrusion Monitoring (SWIM) network. These are wells located in areas 
sensitive to salt water intrusion and indications of regional drought conditions serve to increase 
the sampling frequency of S M M  wells. The specific triggering mechanisms are: 

* Drought Warning: Less than 1 foot of head at the fresh.'salt water interface 
* Phase I: A continuous inland hydraulic gradient 
* Phase 11: Actual inIand movement of the interface 
* Phases 111 and IV: Continued movement of the interface 

PORTLAXD, OREGON 

Portland, Oregon is a case of conjunctive use of surface and ground water where the city 
has a well-developed but as yet untested drought contingency plan. Analytical support to aid 
management in deciding when to trigger the plan is excellent, and a rare if not unique feature 
of their risk assessment capability is the inclusion of climatic effects and related uncertainties in 
forecasts of demand as well as in forecasts of supply. 

Description of Sjstem 

Demand. Average daily demand on the system in 1988, including both that from within the City 
of Portland and from outside purveyors to whom water is sold, was expected to be  125 MGD 
(45.6 billion gallons per year). Approximately 75 percent of that is used by the  City of Portland 
with its population of approximately 400,000 people. The balance is used by 250,000 people 
outside the city who are served by purveyors who purchase from the city. The metropolitan area 
is experiencing growth, about 1.1 percent a year from I983 to  1987, and that growth is expected 
to  continue. Total water use has been increasing at a relatively steady rate of 2 percent a year 
over the past two decades (City of Portland, 1988a, I988b). 

Maximum daily demands can be much greater than average. In  1988 the maximum day that 
was projected under the worst climate conditions of record was 238 MGD, and there was a 10 
percent chance that the maximum day would have exceeded 234 MGD, 187 percent of average 
daily demand. 



Figure N-12 Water Supply System for the Portland, OR, 'Area 

Su~pIv.  Portland is served by a combination of surface and ground water sources. Surface 
supplies are located in the Bull Run watershed. They include Bull Run Lake and two resewoirs 
as shown in Figure IV-12. Ground water supplies are taken from the Columbia South Shore 
well field, also shown in Figure IV-12. 

For purposes of developing a drought contingency plan, the supply was divided into three 
categories: 

1. a "Normal" supply that includes the readily available storage in the Bull Run surface 
sources, a total of 10.8 billion gallons; 

2. a "Safe Reserve" that includes the first 10 feet below the normal pool in Bull Run Lake 
and groundwater withdrawals from the preferred of several aquifers, an almost certain 
supply of 4.8 billion gallons; and 

3. a "Drought Reserve" of uncertain magnitude based on groundwater withdrawals from 
deep and shallow aquifers and surface water withdrawals from below currently 
established minimum levels in the two Bull Run reservoirs, approximately 8.6 billion 
gallons. 

The supply of water from the surface source is quite large. Average annual precipitation at 
Headworks is 80 inches, and the average annual streamflow is 502 MGD (City of Portland, 
1988c). Even during the driest year of record, idlows to the surface reservoirs averaged 282 
MGD. Shortages are caused by the fact that there are frequent periods in which seasonal 
inflows are less than seasonal demands, and there is a limited amount of storage from which to 



draw during those periods. During 1987 "normaln surface water storage would have been 
completely exhausted if groundwater sources had not been available. 

Drought Contingency Plan 

During 1987 the Bull Run watershed experienced the fourth lowest annual runoff in 58 
years for which records of flow in the river are available (City of Portland, 1988~) .  Flow in that 
year was the lowest it had been in 35 years, back to  1952 when the city last requested its 
customers to take short-term consenlation efforts (City of Portland, 1988a). Although Portland 
did not consider its circumstance to be of crisis proportions in 1987, the city called o n  its 
customers to voluntarily conserve. 

The city also realized that it did not have an adequate plan to respond to  a more serious 
condition that might be brought on by either less supply or more demand. Immediately after the 
drought of 1987 the Bureau of Water Works initiated an effort to  rectify that situation. An 
interdivisional planning group was established in January 1988 and produced a formal Drought 
Response Plan in April 1988. 

The primary indicator for the Drought Response Plan is the lowest level of reserve that is 
projected for the system over the remainder of the drawdoun-refill cycle. That level is then 
translated into the Portland Water Supply Index (PWSI). Projections of lowest storage levels 
and calculation of the PWSI are to be  made monthly from January through May, then biweekly, 
or  even weekly if the index is approaching a critical level. 

The key specific action that is triggered by the index is the formation of a Drought Task 
Force (DTF). The threat of a shortage is indicated by a projected use of any portion of the 
Drought Reserve. Should that occur, the D F  is to be formed at the time the projection is 
made. Furthermore, if the projection indicates the use of the Safe Reserve for more than 10 
days, the DTF is to be formed one to two weeks before the time that use of the Safe Reserve 
is expected to  commence. 

Guidance is provided in the plan for use by the Task Force when it is formed, but the plan 
itself does not automatically trigger actions that would affect either the operation of the supply 
or use by customers. The plan provides statements of values and goals to  be followed by the 
task force, it identifies the issues that the DTF would have to address, it states general criteria 
that should guide actions by the task force, and it outlines two general strategies that the D m  
should follow, one for a summer drought and the other for a fall drought. 

The guidance defines three "phases" for actions to  be taken by the DTF. Phase I occurs 
when either the Safe Reserve is being used or the projected lowest level of storage falls in the 
range of the Safe Reserve. Phase I1 occurs when the Drought Reserve is either being used o r  
the projected lowest storage level is expected to fall in the Drought Reserve, and Phase 111 
occurs when either the Drought Reserve is exhausted o r  is projected to be exhausted. 
Responses to  each phases are summarized below. 



RESPONSES PHASES 
I I I lil 

Water Bureau Actions 
A. Enhancing water supplies 

Surface 
Groundwater 
Other 

B. Demands 
Nonessential 
Amenrty 
Municipal 

Customers 
A. Conservation without request 
B. Voluntary use reduction 

Outdoor use 
indoor use 

Residential 
Commercial/lndustriai 

C. Mandatory use reduction 
D. Rationing 

More detailed information about each of these responses is pro~ided in the plan. 

Forecasting Methods 

When the Drought Response Plan was developed in early 1985, the Bureau of Water 
Works prepared relative frequency tables for supply and demand over selected time periods for 
use in forecasting minimum storage levels that could be expected over those periods. The 
selected intemals began with the first day of May, June, and July and ended with the last day in 
August, September, October and November (12 intervals). The amount of inflow during each of 
these periods was calculated for each of the 77 years of historical record, and the amounts 
within each period were rank-ordered. Relative frequency distributions are readily apparent 
from those results. 

Demands over the 12 periods were calculated using an additive model of base and seasonal 
demands. Base demands were estimated as per capita uses during the low-demand period of 
November through February. Data from the period 1960-1987 showed that per capita use rates 
during that period were increasing asymptotically toward a limiting rate, and suitable 
mathematical expressions were adopted to reflect that trend. Seasonal demands were calculated 
as the residual between actual demands and estimated within-year base demands, and an 
analysis of those residuals suggested that they were independent of base demand as reported in 
the literature for other parts of the country. They are strongly related to  temperature and 
rainfall, however. Effects of temperature on demands were estimated by plotting 7 d a y  average 
demands and corresponding 7-day average temperatures for those periods that were preceded by 
3 rainless days. The plot followed a J-shaped curve as had been noted by others, and it was 
modelled as a piecewise linear relationship over 3 intervals of temperature. Percentage 



reductions in seasonal demand due to  rainfall were estimated as a linear function of the  number 
of preceding rainless days (rainfall less than .05 inches). The model does not include the effects 
of conservation. 

Given the model and current base demands, cumulative demands over each of the  12 
periods were calculated for each of 56 years of historical data on temperature and rainfall. 
Demands within each of the periods were then rank-ordered to  provide a cumulative frequency 
distribution of demands. 

In  the Drought Response Plan the actual method for projecting the minimum storage level 
over the  remainder of the drawdown-refill cycle appears to  be  ad hoc. The  document is not 
specific as to  which combination of cumulative inflow and cumulative demand should be  chosen 
to  calculate how a known storage level would be changed over a chosen time interval. That 
ambiguity has been reduced somewhat by the later development of a supply/demand computer 
simulation model with built in operating rules for the conjunctive use of surface and 
groundwater supplies (City of Portland, 19%). That model uses historical records of inflows 
(adjusted for effects of storage) in combination with the above model of demands over the 
period 1930-87 to determine the relative frequency of occurrence of selected variables in the 
system for any given level of base demand. The effects of conservation are not included. 

The  bureau has also developed the capacity to make monthly projections of streamflow 
over the remainder of the drawdown-refill cycle (Teri Libertor, personal correspondence and 
selected memoranda, 1989). Although the model is a relatively simple model of base flow 
conditions, it enables the bureau to make periodic updates of inflow projections at monthly or 
more frequent time intervals during a drought. 

Risk Criteria 

Although the bureau has calculated the relative frequencies with which shortages and other 
variables will occur, neither the Drought Response Plan nor the report on facilities discusses 
explicit criteria for acceptable risk at which responses should be  taken under drought conditions. 
The bureau has shown that the events of 1987 correspond to  a return interval of approximately 
25 years, and that under those conditions, they would have to  dip slightly into the Safe Reserve. 
They have also estimated that the probability of depleting normal and safe reserves in the year 
2000 is about 6 percent, and if they wish to maintain an acceptable risk of 5 percent, additional 
storage will have to  be  provided. However, these statements address the risk that they are likely 
to  face at the beginning of any year, not the risk that they may face once a drought hasbegun. 
As such, they are more relevant to the decision on expansion of supply than they are about the 
operation of the system during a drought. 
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'igure N-13. Water Supply System for the Chapel Hill-Durham, NC, Area 

DURHAM AND THE ORANGE WATER AND SEWER AUTHORITY 

A combination of rapid growth that outpaced development of new supplies and the 
occurrence of drought conditions led to major concerns about the possibility of failures of the 
interconnected water supplies in the Durham-Chapel Hill area of North Carolina in 1986. 
Chapel Hill, which is served by the Orange Water and Sewer Authority (OWASA), had been 
suffering from inadequate supplies since the 1960's when the system was owned by the 
University of North Carolina, and litigation had delayed the construction of a new supply. In 
1986 that system was caught with a drought contingency policy that had been outdated because 
of growth in demand. Out of that experience came a much improved policy that was tested in 
1988. Durham was in the process of expanding its supply in 1986 as demands were approaching 
the safe yield of its supply. It was one of the few cities in the Southeast in 1986 that was well 
prepared to assess the risks of shortages that it was facing. 



Major features of the water supplies sening the area are shown in Figure IV-13. Until 1988 
the City of Durham was served primarily by Lake Michie on the Flat River, with a drainage 
area of 170 square miles, 3.5 billion gallons of useable storage, and a 70-year safe yield of about 
23-24 MGD. In 1988 a second major source was completed on  the Little River, with a drainage 
area of 120 square miles, 4.6 billion gallons of storage, and a safe yield of 20 MGD. Lake 
Butner had also been used occasionally by Durham as a supplementary source. Before 1986, 
Chapel Hill and the neighboring town of Carrboro had been served primarily from University 
Lake with 470 M G  of useable storage, a 30 square mile drainage area, and a safe yield of 3.5 
MGD. That supply had proved to be inadequate since a drought in 1968, and supplemental 
storage had been provided by an abandoned rock quarry, and emergency interconnections had 
been built to Durham and Hillsborough. In August of 1986 OWASA completed a temporary 
impoundment on Cane Creek to augment supplies until a permanent facility at that source 
could be completed. The combined safe yield of OWASA's own sources in 1986 was estimated 
to be approximately 6 MGD. The permanent reservoir on Cane Creek was not completed until 
after the drought of 1988. 

Streamflows for the area vary seasonally as shown in Figure IV-14. Average flows in winter 
reach a level of about 2 cubic feet per second per square mile of drainage area (cfk/sq.mi.) 
while those in late summer and early fall average about 0.4 cfs/sq.mi. Rainfall and runoff are 
highly uncertain throughout the year, however. Average rainfall is highest in July and August, 
but the influence of tropical storms and convective thunderstorms introduces considerable 
variability into the amount of water resources that are likely to be available during this period. 

Demand 

As shown in 
Figure IV-15, 
demands on the 
OWASA system 
increased sharply in 
the early 1980's. 
A1 though the 
number of 
customers on that 
system continued to 
increhe throughout 
the decade, 
OWASA instituted 
an effective long 
term conservation 
program in 1983 
that offset the 
increased number 
of customers. 
Nonetheless, 
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withdrawals to meet demands on the system exceeded the estimated safe yield of the system 
since 1981 (rates in Figure IV-15 do not include losses prior to entry into the distribution 
system). 

Growth on the Durham system is also shown in Figure IV-15. From 1980 to 1987 average 
annual demands increased from about 17 MGD to 21 MGD, the estimated safe yield of Lake 
Michie. 

Annual variations in demand for OWASA and Durham are shown in Figure IV-16. Peak 
monthly demands on the two systems are about 15 percent higher than average rates, and they 
occur in late summer and early fall during the period when streamflows tend to be lowest. 
Peaks in Durham usually occur in July and August while those on the OWASA system tend to 
occur in September when the University of North Carolina, OWASA's largest customer, returns 
to full operation. 

Drought Contingency Plans 

Shortly after OWASA was created in 1976, it faced the prospect of a water shortage in the 
summer of 1977. At that time a drought contingency plan was developed that consisted of five 
stages as follows: 

I - Alert Voluntary conservation 

Il - Warning Limiting use for lawn watering to specified times of days. 
Banning uses of water for certain purposes. 

Ill - Danger Complete ban on use for lawn watering. Prohibitions on 
specified uses. 

IV - Emergency Complete ban on all outdoor uses of water. Restrictions on 
the use of evaporative cooling systems. 

V - Crisis Water rationing 

Durham's ordinance is quite similar to that of OWASA. It consists of six stages: - 

Stane Tile 

I Continuing Voluntary Practices 
II Voluntary Conservation 
Ill Moderate Mandatory Conservation 
IV Severe Mandatory Conservation 
V Stringent Mandatory Conservation 
VI Water Rationing 

A list of specific actions is given under each title of the code. 



Criteria. Criteria for implementing OWASA's plan were formulated in 1977 when the plan was 
first developed. In a report prepared for OWASA, Blum (1977) recommended the trigger levels 
given in Figure IV-17. H e  based his recommendations on an analysis of simulated monthly lake 
levels using 1977 demands, historical streamflows over the period 1923-73, and the capacity of 
the University Lake which at that time had been increased by placing flashboards across the 
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i'gure N-15. Rafes of Withdrawal for Water Supply for Durham and the 
Orange Water and Sewer Authority 
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igure IY-16. Variation in Rates of Withdrawal over Annual Cycle for Durham 
and OWASA 

spillway. The 
choice of trigger 
levels shown in 
Figure IV-17 were 
not based on  
explicit quantitative 
criteria. BIum 
stated that, after 
examining the 
results of the 
simulation, "it is 
judged that the 
Lake levels (for 
Stage I) constitute 
a reasonable point 
at which to begin 
voluntary 
conservation." No 
other statements 
are offered to 
support the choice 
of those particular 
levels. Some of the 
criteria for setting 
levels for Stages II- 
V are discussed, 
but they are not 
sufficiently 
complete to 
determine 
unambiguous 
trigger levels. 
Target reductions 
for each stage were 
presented, it was 
assumed that each 
Stage would have a 
duration of at least 
2 weeks, and 100 
MG of storage in 
University Lake 



was set aside for 
reserve. 

. Modest 

adjustments to this 
policy were made 
in 1984 to reflect 
changes in storage 
capacity in the 
system. OWASA 
had added I90 MG 
of storage in the 
stone quarry, but it 
had removed the 
flashboards on the 
spillway of 
University Lake 
because of L 

concerns about Figure IV-17. Trigger Levels for the Orange Water and Sewer Authority as 
dam safety. Developed by BIum (1 977) 

Tim of Year 

Experiences in 1986 brought renewed attention to OWASA's drought contingency plan. In 
the absence of specific criteria for deriving the policy, it was unclear how the 1977 rule should 
be adjusted to account for changes in demand. Additional storage was added on the Cane 
Creek source in 1986, and the prospect of a new supply for Durham made obsolete Durham's 
prior position of selling to OWASA only as an alternative of last resort. 

In 1987 Moreau (1989) developed a risk-based model for the system. In addition to the 
stages described above, he added a trigger level for initiating purchases from Durham which 
would occur before any other action. Trigger levels were derived using the following criteria: 

1. Begin making purchases from Durham when it is no longer possible to satisfy all of the 
following conditions: 
a. The probability of storage depletion over the remainder of the year is less than 1/60. 

b. The probability of invoking any form of conservation for more than 4 weeks over the 
remainder of the year is less than 3/60. 

c. The probability of storage being less than 75 percent full on April 1 of the following 
year is less than 2/60. 

d. The probability of purchasing water from Durham for more than 10 weeks over the 
remainder of the year is less than 6/60. 

2. Implement Stage I1 when it is no longer possible to satisfy Conditions (1-a) and (1-b) 
and the probability of any form of consewation for more than 4 weeks over the 
remainder of the year is less than 3/60. 



3. Implement Stage I1 when it is no longer possible to satisfy Conditions (1-a) and (I-b) 
and the probability of mandatory conservation for more than 4 weeks over the remainder 
of the year is less than 3/60. 

4. Implement Stage 111 when it is no longer possible to satisfy Conditions (I-a) and (1-b) 
and the probability of invoking Stage 111 for more than 4 weeks over the remainder of 
the year is less than 2/60. 

Each of the probability statements reflects the effects of the policy over the remainder of the 
year. Details for deriving the policy under these criteria are discussed in greater detail in the 
next chapter. That policy was adopted by OWASA for its operations beginning in 1988. 

Criteria for implementing Durham's code were developed in 1982 with the assistance of the 
Research Triangle Institute (McCrodden and Paddock, 1982). Consultants retained by the city 
recommended that Stages 11-IV be implemented as follows: 

- Implement Stage I1 when the probability of sustaining current demands over the 
remainder of the year drops to 90 percent. 

- Implement Stage 111 when the probability of sustaining current demands over the 
remainder of the year drops to 80 percent. 

- Implement Stage IV when that probability drops to 75 percent. 

- Lift mandatory restrictions only after that probability has increased to 95 percent. 

Decision Support 

When the drought of 1986 occurred, Durham was one of the few cities in the Southeast that 
was well prepared to assess the extent of risks of shortages that it faced. The work by 
McCrodden and Paddock provided Durham with a set of risk tables that contained estimates of 
the probabilities of being able to sustain a given level of demand over the remainder of the 
year. Those tables provided estimates for each month of the year, for different levels of 
demand, and for different initial storage levels. They were developed on the basis of 16 years of 
demand data (1965-1980) and 55 years of streamflow data. The demand data were used to 
determine ratios of monthly demand to average annual demand, and the historical streamflow 
data was used to create 2,000 years of synthetic sequences of flow. Although the authors did 
not develop a specific set of rules, a manager could easily enter the tables with the above 
criteria to determine what stage of the policy would be appropriate under any given conditions. 
Because demand is specified, the tables do  not reflect the changes in demand that may be 
brought about by conservation over the remainder of the year. 



SEATTLE, WASHINGTON 

Seattle is a case of a municipal water utility with a wellestablished drought contingency 
plan that was put to the test. Its plan was well developed by the time the city ex-perienced a 
severe drought in 1987, and considerable improvements in supporting analytical methods have 
been made since it was tifit developed. 

Description of the System 

Demand. The Seattle Water Department (SWD) has provided for a fluctuating average annual 
use, including losses and non-revenue city uses, that ranged from 145 MGD to 167 MGD over 
the period 1970 to 1985. Use rose sharply to about 165 MGD in 1979 then dropped to 145 in 
the early 1980's, then increased again to 167 MGD in 1985. In 1985 S W D  provided retail 
service to 541,000 Seattle-area residents and other users and wholesale senice to another 
549,000 residents through sales to 31 independent purveyors. Approximately 61 percent of the 
billed consumption was by retail customers, 39 percent by sales to purveyors. System losses 
accounted for 10 percent of all uses, and non-revenue uses accounted for another 11 percent. 

Month of Year 

Seattle Area 

Customers of 
SWD impose an 
important seasonal 
variation in use. As 
shown in Figure 
IV-18, base 
demand in the 
months November 
through March was 
in the range of 85- 
87 percent of 
average annual 
demand over the 
period 1974-83 
while use during 
July and August 
was in the range of 
132-134 percent 
(SWD, 1989). 
Stated another way, 
use in the peak 

summer months was 156 percent of base demand. Peak daily demand in 1985 was 161 percent 
of average demand in that year. These variations are particularly important because they reach 
their peak when streamflows are at a minimum. 

SUDV~V. Seattle depends on surface sources for its supply. These sources are located in the  
Cascade Mountains, one on the South Fork of the Tolt River, a tributary to  the Snoqualmie 
River, and the other on the Cedar River. Reservoirs are located on each stream as shown in 
Figure IV-19. 



'igure N-19. Water Supply System for the Seatfle, WA, Area 

The hydrology of the area is dominated by winter snows and fall rains. With a total annual 
precipitation of just over 100 inches, the two surface sources are highly productive. However, 
seasonal variations in precipitation tend to reduce the amount of reliable urban water supply 
that can be developed from these sources. Average precipitation in the 4-month period June- 
September, when demands are the highest, is less than 15 percent of the annual total. Usually 
the storage reservoirs are sufficient to cany fonvard the heavy runoff from snowmelts in the 
spring through the summer months until the heavy rainfall in the fall begins to  prwide reliet 
Although that general pattern may be found in many other water supplies in the United States, 
it tends to much more pronounced in the Northwest. That pattern of precipitation is important 
to the development of the drought contingency plan as described in the following section. The 
safe yield of the two supplies if they are operated independently of each other is 161 MGD, 
but, when they are operated conjunctively, the yield can be increased to 169 MGD. 



Drought Contingency Plan 

Seattle's drought contingency plan was first developed as part of the first version of a 
regional water supply plan in 1980. Following the Seattle Metropolitan Water Supply Study in 
1977, SWD developed its Comprehensive Regional Water Plan, known as COMPLAN, in 1980. 
That plan, revised in 1985, addressed water conservation through two different elements. The 
long-term conservation element called for a program to reduce overall consumption by 8 
percent by 1990. That program has been aggressively implemented over the past decade. The 
other element is a short-term conservation program designed to ease stresses on the supply 
during extremely dry periods. When COMPLAN was revised in 1985, the drought contingency 
plan was among the revisions, and it is now referred to as the Water Shortage Response Plan 
(WSRP). 

Table N- 1. Triggering Criteria 

Drought Stage Summer 

Stage I - Minor shortage 
potential 

Total system storage is not 
filled to capacity as of 
June 1. 

Stream flow and snowmett forecasts 
indicate that inflows would be 
inadequate to fill storage facilities 

Stage I1 - Moderate shortage Total system storage is predicted to 
potential fall below the level required to meet 

expected demands during a 1-in-50 
year drought. 

Stage Ill- Serious shortage 

Stage N - Severe shortage 

System inflows continue to be low. 

Weather forecasts predict a continuing 
trend of warmer, drier than normal 
conditions. 

Total system storage drops below the 
level required to meet expected demands 
during a 1 -in-50 year drought. 

System inflows continue to be low. 

Weather forecasts predict a continuing 
trend of warmer, drier than normal 
conditions. 

Conditions described for Stage Ill 
occur near the end of the peak use 
season. 

Stage V - Critical emergency Customer demands and system pressure 
pressure requirements cannot be met. 

Fall - 
Total system storage levels are 
dropping due to the increased use 
associated with a warm, dry summer. 

Weather forecasts predict a 
continuing trend of warmer, drier 
than normal conditions. 

Total system storage is expected 
to fall below the level required 
to meet expected demands in a 1- 
in-50 year drought. 

System inflows continue to be 
low. 

Weather forecasts predict 
a continuing trend of warmer, 
drier than normal conditions. 

Customer demands and system 
pressure requirements cannot be 
met. 



The WSRP is predicated on the occurrence of either of two drought events, one that may 
occur in summer due to inadequate runoff from snowrnelt in the spring and the other 
inadequate rainfall in the autumn. Those events were categorized as occurring in five "stages," 
ranging from Minor - Stage I to Critical Emergency - Stage V. The stages and related triggering 
criteria are listed in Table IV-1. As stated in the 1985 COMPLAN, WSRP is intended to 
address problems under a drought with a recurrence interval of 50 years or  more or  under less 
extreme hydrologic conditions when demands are above projected levels. Thus, the primary 
trigger on the WSRP is the projected occurrence of shortages during the "1-in-50 year drought. 
That is not the sole criterion, however; other indicators as described in Table IV-1, are also 
used for activating the various stages. 

Activities o r  actions that are to be taken in response to each stage of a drought are listed 
in Table IV-2. They range from the curtailment of non-essential uses by the city in Stage I to 
the extreme of rationing in Stage V. Estimated reductions in rates of use under summer and 
fall programs are also shown. 

An analysis of the probability of triggering the plan and its consequences was made in 1984 
(Seattle Water Dept., 1986). In that analysis, using assumptions about plan implementation that 
were more detailed and specific than those stated in Table IV-2, it was estimated that there is a 
"I-in-15" probability each year that the plan would be implemented. 

Analytical Support 

Since the initial formulation of the Emergency Conservation Plan in 1980, decision making 
in SWD has been aided by the use of a computer simulation model that estimates the safe yield 
of the water supply over the remainder of the drawdown-refill cycle. This model, referred to as 
the Water Resources Management Model (WRMM), uses the storage level at any given time 
and historical sequences of streamflows to calculate annual yield and estimate the probability of 
shortages within the current year. Sequences of flows from the given time to the end of the 
drawdown-refill cycle in each year of the historical record are considered to be one sample of 
possible future inflows over the remainder of the current year. The model uses 48 years of 
record. 

Since 1987 several additional analytical aids have been developed. During the drought of 
1987 Lettenmaier, et  al. (1989) developed a streamflow forecasting model to overcome 
shortcomings in the above approach. They noted that the drought in that year had different 
characteristics than those in the historic record, that the spring snowmelt occurred much earlier 
than usual. They also noted that WRMM procedure assigns equal weights to all historical 
sequences, ignoring the known fact that 1987 was an extremely dry year. To overcome these 
limitations they developed an autoregressive model for weekly flows (actually the logarithms of 
weekly flows). That model was identified and calibrated using historical sequences of flow, and 
errors in forecasts of historical flows were used to construct probability distributions of errors in 
the forecasts for 1987. 

SWD supported the development of an expert system for drought management over the 
period July 1986 to October 1987 (Holmes and Palmer, 1987). Unfortunately, the timing of that 
project was such that the final product could not be put to the test during the drought of 1987. 



As described by Palmer and Holmes (1988), the expert system consists of a set of operating 
rules, determined by SWD personnel, that draws upon the results of many solutions to an 
optimization problem for a large array of initial storage conditions and streamflow sequences. 
The optimization problem was formulated as a linear program to either maximize yield from the 
system or  minimize economic losses over an ensuing 16-week period. Solutions were obtained 
for a number of different times of the year, for each 10 percent increment in initial storage 
volume, and for each sequence of pertinent streamflows in the historical record. The solutions 
are stored in a large database that is manipulated by the operating rules embedded in the 
expert system. 

Another analytical tool that has been developed by SWD is an econometric model of daily 
water use (SWD, 1989). The model uses a distributed lag time series of precipitation and 
temperature. It also uses dummy variables to reflect month-of-year and weekend-weekday 
effects. This model is particularly useful for oneday forecasts of demand and for evaluating the 
effects of conservation programs, providing a means of estimating what demand would have 
been without conservation. Its usefulness for forecasting declines sharply as the lead time for 
the forecast is increased, with little value beyond five days. 

WASHINGTON, DC 

For many communities, supply management under drought conditions is not an option: the 
supply is essentially fured and demands must be reduced to meet available supplies. In contrast 
to this typical situation, water purveyors in the Washington, DC, metropolitan area have an 
interesting alternative. Under nondrought conditions, the several utilities operate their 
respective supplies independently. Under drought conditions, however, the total yield of the 
supplies is increased through the synergistic effect of joint operation. The synergism arises from 
the fact that the safe yield of the supplies operated as a single system greatly exceeds the 
cumulative safe yield of each supply operated independently. Thus, while an individual area may 
face a shortage based on its own supply, its neighbor may have a surplus and can make 
additional water available. Only in the later stages of a drought, when the augmented supply 
appears limiting, is demand management pursued. 

Of special interest in this case study is the extraordinary level of intergovernmental 
cooperat.ion that is built into the regional drought contingency plan. Also of interest is a 1977 
analysis of risk of the water supply operated by the Fairfax County Water Authority, one of the 
first of its kind. 

Background 

The Potomac River basin and the major reservoirs serving the metropolitan area are shown 
in Figure IV-20. The mainstem Potomac River is essentially unregulated except for three 
reservoirs, Bloomington Reservoir (now called Jennings Randolph Reservoir), Savage Reservoir 
(which has little water supply storage), and Little Seneca Reservoir. All of the reservoirs are 



Table IV-2. Water Shortage Response Plan 

(B indicates activity is in both summer and fall plans; S indicates activity is in summer plan only; F indicates activity is in fall 
plan only) 

STAGE 

ACTIVITY 

I. Water System Management Actions 
A. Stream Flow 

Maintain normal flow 
Negotiated reduction in flows 
Reduce flow to critical 

B. Water Use Controlled by SWD 
Eliminate nonessential uses 
for system operation 
Cut flow to Green Lake by hatf 
Cut flow to Green Lake completely 
Cut amenrty type uses 
Cut city uses, i.e. parks, irrigation, etc. 

C. System Operation 
Pressure reduced due to low levels in regulating basins 

11. Customer Conservation Actions 
No specific actions B 
General voluntary conservation B* B S 
Outdoor Use 

Voluntary use reduction 
- all classes of customer B F 
Mandatory use reduction 
- all classes of customer S 

Indoor Use 
Voluntary use reduction - residential F 
Voluntary use reduction - commercial 

Rationing 
Rationing all customers 

* Ongoing Long-Term Conservation Program 

Estimated Reductions in Rates of Use, MGD 
Summer 
Fall 



owned by different utilities. Due to the relative lack of regulation, flows in the Potomac at 
Washington vary tremendously. Average flows are around 6 billion gallons per day with peaks of 
over 200 billion gallons per day. The low flow of record at Washington, 388 MGD, occurred in 
September of 1966. 

The U.S. Army Corps of Engineers (COE) Washington Aqueduct Division (WAD), the 
Washington Suburban Sanitary Commission (WSSC), and the Fairfax County Water Authority 
(FCWA) are the three major utilities in the area. The WAD serves approximately 1.2 million 
people in the District and in the Virginia suburbs of Arlington County and Falls Church. WAD 
takes water directly from the Potomac through two intakes, one a gravity intake at Great Falls 
about 10 miles upstream from the District and the second a pumped intake near the District's 
boundary with Maryland. WSSC serves some 1.3 million customers in the Maryland suburbs of 
Montgomery and Prince Georges counties. It has an intake on the Potomac upstream of the 
two WAD intakes in addition to two reservoirs on the Patwent River northeast of DC. The 
FCWA serves more than 700,000 people in the Virginia suburbs of Fairfax, Loudon, and Prince 
William counties. It also has a Potomac intake located upstream from the WSSC intake and a 
reservoir on Occoquan Creek, a tributary of the Potomac estuary downstream from DC. 

Beginning just after World War 11, the area experienced a tremendous population growth, 
placing ever increasing stresses on water supplies. As early as the 19503, area water resource 
planners became increasingly concerned over the pace at which demand was apparently 
overtaking supplies. Many studies of potential new supplies were conducted, culminating in a 
1963 Corps of Engineers (COE) study that recommended 16 new reservoirs in the Potomac 
River basin at costs estimated at between $200 million and $1 billion. This study met with 
enormous public resistance, principally because of a proposed dam on the mainstem Potomac 
that would inundate the historic Chesapeake and Ohio Canal (now a national historical park). 
Only one of these proposed reservoirs, the Bloomington Reservoir, survived the public outcry 
but did not then come on line until 1981. 

By 1977, average metropolitan area summer demands often exceeded 450 MGD yet the 
sum of the independent safe yields of supplies, including Bloomington Reservoir (then 4 years 
from completion) was only 513 MGD. Peak demands were often well in excess of this number 
and, in the drought of 1977, the FCWA nearly emptied its Occoquan Reservoir. 

At the time of the 1977 drought, the FCWA's water supply consisted only of the Occoquan 
Reservoir. The drought provided the impetus for them to propose an intake and treatment 
facility on the Potomac River. This proposal and the attendant concern from the WAD, whose 
only source was the Potomac, over availability of supplies during low flows resulted in the 
hammering out of the area's first regional cooperative agreement, the Potomac River Low Flow 
Allocation Agreement. This agreement delineated several consecutive stages of drought 
conditions, each based on Potomac River flows and area demands. An Alert Stage is in effect 
when total demands are between 50 and 80 percent of Potomac flows. A Restriction Stage is in 
effect when total demands exceed 80 percent of Potomac flows. Finally, an Emergency Stage is 
in effect when predicted total demands during the next 5 days exceed Potomac flows. In 
addition, the agreement specified a precise allocation formula to be followed under the 
Restriction and Emergency Stages whereby each of the three party utilities would be allocated a 
withdrawal based on the proportion of their most recent 5-year average base (winter) demand 
to total base demands. 



Figure N-20. Water Supply for the Washington, DC, Metropolifan Area 

In 1979, the WSSC and its two served counties, Prince Georges and Montgomery, 
established a Bi-County Water Supply Task Force to explore possible solutions to the growing 
supply problem within their own boundaries. The Task Force, comprised of elected officials and 
advised by a citizens' advisory group as well as WSSC staff and consultants, decided to abandon 
traditional approaches to water supply planning and, instead, use a risk-based approach coupled 
with an explicit drought management plan. A 3-stage drought management plan was adopted 
and used to develop several scenarios representing the tradeofk between additional storage and 
risk of shortages. It was decided to accept an 8 percent probability that in any given year Stage 
I (restricting the use of outside water) would be in effect for 30 days or less, a 3 percent 
probability that Stage 11 (air conditioning restrictions and swimming pool closures) would be in 
effect for 30 d a y  or less, and a 1 percent probability that any of the three phases of Stage m 
(sequentially more severe restrictions) would be in effect for 30 days or less. Based on the 



drought management plan and these acceptable risks, additional storage requirements for the 
WSSC sem'ce area were reduced by a factor of three (McGarry, 1984). 

Encouraged by these results, the WSSC suggested that, since the task force concept had 
worked so well for the Maryland portion of the region's senice area, these risk concepts might 
be used to address water supply on a regional basis. Accordingly, the Metropolitan Water 
Supply Task Force was formed and agreed to work with the Interstate Commission on the 
Potomac River Basin (ICPRB) to take a fresh look at the area's water supply problems. 

The task force and ICPRB began their study by completely abandoning the traditional 
concept of independent "safe yield" operation of the Patwent and Occoquan Resemoirs. An 
ICPRB analysis showed that the area's worst water supply deficit would occur during the %day 
duration, 50-year return period Potomac low flow of 580 MGD. At year 2000 estimated 
demands of 750 MGD, the 90 day shortfall from the Potomac supply alone would be 15 billion 
gallons (750 X 90 - 580 X 90). However, the combined storage in the Occoquan and Patwent 
Reservoirs was almost 20 billion gallons. If the Occoquan and Patuxent Reservoirs were 
operated in such a manner that this storage were indeed available during critical low flows in 
the Potomac, then the area's water supply problem was solved. In fact, subsequent analyses 
showed that, with the construction of one additional, small reservoir, Little Seneca, located just 
off the Potomac mainstem, the metropolitan area's unrestricted demands could be satisfied 
under this mode of operation under the drought of record until at least year 2030. 

This conclusion was eventually embraced by all parties and culminated with the signing in 
1982 of 8 contracts wherein the area's major suppliers agreed to joint operation of area water 
supplies during periods of drought. These agreements also established a section of ICPRB, the 
"CO-OP" section, to be responsible for overall coordination of area supplies. During normal 
(nondrought) periods, CO-OP is responsible for tracking supply and demand conditions, 
refining management techniques, and conducting an annual "drought exercise" for the area 
suppliers so that they are never more than 1 year out of practice. During drought conditions, 
CO-OP essentially assumes operating responsibility for all supplies by setting release and 
withdrawal schedules on a daily basis to ensure optimal allocation. 

Supply Management Procedures 

Coordinated operation of area supplies by CO-OP is triggered when one or  both of the 
following conditions occur (Interstate Commission on the Potomac River Basin, 1988): 

1. The probability of meeting all unrestricted demands and refilling all reservoirs to  90 
percent of useable capacity by the following June 1 is less than 98 percent. 

i Daily flow in the Potomac River, less the minimum instream requirement, is less than 2 
times daily demands. 

Under these conditions, CO-OP sets releases and withdrawals in such a manner as t o  
achieve several objectives including the following which are of particular interest here: 



1. Maintain the probability of invoking the Restriction Stage of the Potomac River Low 
Flow Allocation Agreement at less than 5 percent during a repeat of the historical 
streamflow record. If these conditions cannot be met, allocation of Potomac water is 
then made in accordance with provisions in the Potomac River Low Flow Allocation 
Agreement. 

2. Maintain the probability of entering the Emergency Stage of the Potomac River Low 
Flow Agreement at less than 2 percent with full reservoirs on June 1 of any year. 

3. Maintain the probability of not refilling any reservoir used for Washington metropolitan 
area water supply to 90 percent of useable capacity by the following June 1 at less than 
5 percent during a repeat of the historical streamflow record. 

Under the coordinated mode of operation, the key to increasing total yield is that water 
already in storage in the various reservoirs is held there as long as possible. Potomac River 
water is used first, since any Potomac water not used is lost once it passes the intakes. When 
the Potomac is not sufficient to meet all demands and storage must be drawn down, equity is 
the basis for the operating rules. Withdrawals and releases are scheduled so that each reselvoir 
will have the same probability of refilling, i.e. each supplier will face the same risk of a future 
shortfall. 

Releases made from the Jennings Randolph Reservoir require approximately 5 days to 
reach the Potomac River intakes. Consequently, it is necessary to make 5-day-ahead demand 
forecasts on which to base these releases. To  make these forecasts, CO-OP has evaluated 
several alternative statistical modeling approaches including a multivariate linear regression 
model (Steiner, 1984), a multivariate linear regression model with an ARMA residual (Steiner, 
1984), and a conditional autoregressive model with randomly varying mean (Smith, 1988). 
Interestingly, the model now being used is a relatively simple one that bases the forecast on 7- 
day moving averages. 

Because 5-day-ahead forecasts are subject to considerable error and i t  is undesirable to 
release more water from Jennings Randolph than is actually needed on the day of arrival (since 
it would be wasted after it f low by the intakes), these releases are scheduled conservatively, i.e. 
to err on less water than needed rather than more. Releases from Little Seneca, which arrive 
within 1 day's travel time, are made to make up for shortfalls. Water stored in the other area 
reservoirs (Occoquan, Patuxent) is held back to supply only those areas uniquely served by 
them. 

FCWA Risk Analysis for 1977 Drought 

CO-OP practices supply management only; any necessary reductions in demand are 
implemented by the utilities themselves. In 1977, prior to the construction of the FCWA's 
Potomac intake, a drought r e d u d  the Occoquan Reservoir to  record low levels forcing bans 
on nonessential uses such as car washing and lawn watering. Fearing that an even worse 
situation might develop, yet reluctant to impose more severe restrictions that might prove 
unnecessary, the FCWA undertook a risk analysis aimed at quantifying the risk of extreme 
shortages and at  evaluating policies necessary to reduce those risks to acceptable levels. This 



was the first well-publicized use of risk analysis for drought management and merits a brief 
oveniew here. 

To appreciate the uncertainty that FCWA faced during 1977, consider the limited extent of 
the information that they had on hand. All they knew was the historical safe yield of the 
Occoquan Reservoir, 54 MGD, which was based on 26 years of inflow data. By August 1977, 
demands were averaging about 70 MGD with the expectation that they would decline to some 
55 MGD by October due to normal seasonal reductions. Thus, with an historical safe yield of 
54 MGD and near term demands of between 55 and 70 MGD, the only quantitative statement 
that could be made was that FCWA faced at least a 1 in 26 chance of an empty reservoir at 
these demand levels. While the lower limit of risk, 1 in 26 (3.9 percent), probably did not cause 
great concern, no estimate of the expected risk was available. In particular, the safe yield 
information, by the nature of the way safe yield is calculated, did not take into account the 
current, low reservoir levels nor the relative severity of the 1977 drought compared to the worst 
historical drought (Sheer, 1980). 

In response to the FCWA situation, the USGS performed a risk analysis using a technique 
termed "position analysis" (Hirsch, 1978). Position analysis estimates the probabilities of future 
reservoir storage levels based on the current state of the reservoir using available historical 
inflow data. A mass balance model of the Occoquan Reservoir was developed and used with 26 
years of available monthly inflow data and specified demand conditions to simulate 26 years of 
monthly ending storages. Unlike a yield analysis, where a single n year record is used, position 
analysis uses n separate simulations. Each of the 26 separate simulations was initialized with the 
reservoir at its current low level, thus the term "position" analysis. 

For each demand condition, the minimum ending storage for each of the 26 years was then 
determined and the resulting minimum monthly ending storage values were used to construct a 
cumulative probability function. This function gives, for a certain demand condition, the 
exceedance probability of alternative minimum storages. For example, it was found that, given 
the current conditions of demand and storage, the probability that the Occoquan storage would 
fall to less than or equal to 1,100 million gallons was 4.5 percent. There was a 2 percent 
probability of totally depleting storage. A subsequent refinement to the method, which used 
only a subset of the entire inflow data set to more accurately reflect summer - autumn 
persistence of low flows, resulted in a revised estimate of 10 percent probability of storage 
falling to or below the 1,100 million gallon level. The triggering level at which FCWA declares 
a Stage I11 (Severe Water Crisis) emergency is 1,100 million gallons. (The Stage I11 triggering 
level was a pre-existing criterion and was developed independently of explicit risk 
considerations.) 

The 10 percent probability of encountering Stage I11 conditions was deemed too high, and 
an FCWA advisory group resolved that some additional conservation was in order. It was 
decided to recommend an additional 8 MGD (14 percent) demand reduction which would 
reduce the Stage 111 probability to approximately 4 percent. The advisory group did not 
recommend that this additional reduction be mandatory, choosing instead to rely on a favorable 
public response to calls for voluntary conservation along with publicity of the risk analysis 
results. The USGS position analysis was also found to be useful in determining at what 



reservoir level restrictions could be lifted in the future. The group decided that a 1 percent 
chance of Stage I11 conditions was sufficiently small to warrant lifting restrictions. 

The public was notified on October 18 of the new request for demand reductions. 
Unfortunately, at least from the perspective of obsening the effect of conservation, the rains 
came on October 27, and by November 8 restrictions were lifted. Since that time, the FCWA 
has implemented the position analysis methodology on its own computer system and performs 
the analysis at least monthly. An excessive level of risk is interpreted as a signal that a drought 
might be undernay. 





CHAPTER V 

CRITERIA FOR DROUGHT CONTINGEN(N PLANS 

INTRODUCTION 

One of the most important of the objectives of this study at the outset was to determine 
what criteria are being used by water utilities in the United States to develop and implement 
drought contingency plans. Standard textbooks on water resource planning and engineering 
provide little guidance about this important policy matter, either in the form of 
recommendations or  by reference to current practice (Lawler, 1988). Some of them discuss the 
related matter of what level of risk should be used to determine the long-term safe yield of a 
water supply resewoir, but none of them speak directly to the issue of when, during a dry year, 
should a utility implement policies to mitigate the adverse effects of a drought. Viessman and 
Welty (1986) argue that the risk of not meeting a given demand should be "low" for municipal 
and industrial supplies, "higher" for irrigation, a principle with which few would disagree, but a 
principle that is hardly operational. Risk appraisal was one of the principal top ia  that was 
addressed at the Water Science and Technology Board's symposium on drought management for 
public water supplies in 1985 (Smith, 1986). The experts at that symposium agreed that a 
uniform level of hydrologic risk should not be advocated as a design or decision criterion. 
Instead, they argued, site-specific factors should be considered. However, the formal papers that 
were included in the report of the symposium did not cite any cases where acceptable risks had 
been made explicit and what factors had affected the choices of those risks. 

RISKS IN hMTAGING WATER SUPPLIES 

In fact, that report and many others are not specific about the nature of risk in the context 
of managing water supplies, and, in the absence of welldefined notions of risk, it would be 
difficult to establish very meaningful criteria about what is acceptable and unacceptable risk. To 
clarify these concepts of risk, consider the simple example of a surface water system below. 
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The system consists of a reservoir that holds up to 100 units of water and a tributary stream 
in which streamflows are highly variable, predictable only by probability statements. Demand on 
the system is 50 units per month. Let the dry season of the year cover a period of 4 months, 
and during that season let the flow in each month be described by the relative frequency 
distribution shown in Figure V-1. Flows in each month can range from 0 to 100 units, but the 
probabilities are skewed toward smaller flows. The cumulative frequency distribution of those 
flows, shown in Figure V-2, indicates that 50 percent of the time flows will 38 units or less; 
two-thirds of the time flow will be equal to or less than the demand of 50 units. 
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Risks associated with operation of this system may be stated in a variety of ways. Risk can be 
defined as the probability that the reservoir will run dry and demands cannot be satisfied. In 
this example, if the reservoir is full at the start of the dry season, then the probability of 
running dry without any conservation plan is 0.056 or 5.6 percent. A more complete definition 
of risk, however, would include statements of probability and mamitude. For instance, in this 
case,, the probability and magnitude of shortfalls between supply and demand are as shown in 
Figure V-3. An even more complete statement of the risk would include, probability, magnitude, 
and social values. Figure V-3 conveys a lot of information about the occurrence of shortfalls, 
but it doesn't contain any information about economic losses, losses in revenue, or  threats to 
public health and safety that may be associated with those shortfalls. If the consequences of 
shortfalls can be assigned monetary values, it is convenient to construct loss functions. In the 
example, assume that that is possible and that the loss associated with a monthly shortfall of 
magnitude S is as follows: 

ioss(S) = 0 for S = 0; 
2 f o r O < S < 1 0  
2 + (S-10)x(S-10) for S > 10 

Then, annual losses associated with the shortfalls shown in Figure V-3 are shown in Figure V-4. 
As the dimensions of risk are increased, however, to include probability, magnitude, and values, 
there is a need for summary measures that combine these elements. One  commonly measure in 
the literature is the expected or  average value of losses where magnitudes are weighted by their 
relative frequencies. 



At the beginning of the season when the resentoir is full, a probability of a shortfall equal 
to 0.056 may be acceptable. If it is not, the implication is that long-term demand should be  
reduced or the supply should be expanded, but in this discussion attention is focused on the use 
of short-term measures to mitigate the effects of unusually dry seasons. Risks of that occurring 
will change as the season progresses. At the end of the first, second, or  third month after 
inflows during those months have been observed and end-of-month storage is known, 
management faces a different set of risks. In this example, for instance, probabilities of a 
shortfall over the remainder of the dry season for given storage levels and no contingencies are 

shown in Figure V-5. As those storage levels 
are observed throughout the dry season, risks 
may reach unacceptable levels, and mitigating 
actions may be necessary. 

At what level of risk are those actions to be 
taken? If action is taken, by how much is 
demand to be reduced or how much water 
should be purchased from an alternate source? 
Answers to these questions must also be stated 
if the policy is to be fully specified. 

Continue the example by considering the 
effects of alternative criteria for triggering a 
demand reduction program. Let that program I 1 

Figure V-5.ProbabilWes of ShoWall by Storage reduce demand by 25 percent, and consider 
Level and Month the consequences of triggering it when the risk 

level reaches 10, 15, and 20 percent. Probabilities 
of shortfalls of given magnitude over the dry season are given below: 

Probability 
Shortfall 

Triqser Level 
none 
10% 
15% 
20% 

Probabilrty 
Shortfall 

< 12.5 units > 12.5 units 
.034 .022 
.334 .005 
.234 .009 
.I 53 .012 

These probabilities illustrate the kinds of tradeofh that are being made in drought 
contingency policies. With no policy, the probability of a shortfall greater than that which would 
be caused by conservation in one month is 0.022 or  2.2 percent. That risk can be substantially 
reduced by the demand reduction policy, but at the expense of a greater probability of imposing 
shortfalls of smaller shortfalls much more frequently. The nature of that tradeoff varies with the 
trigger level, and the choice among alternative trigger levels is very much like buying an 
insurance policy. You incur a series of smaller costs at more frequent intervals to avoid a larger 
cost that has a less chance of occurring, and the question is much insurance should you buy? 

The use of a loss function in this case may be helpful. With the loss function described 
earlier, expected annual losses with these options are: 



Trigger Level 
none 
10% 
15% 

20% 

Expected Annual Loss 
3.12 
1 2 2  
1.06 
1.27 

In this case, if the criteria call for minimizing expected annual loss, then the decision would be 
to  use a trigger level of 15 percent. On the other hand, if the criteria called for minimizing the 
maximum possible loss, the choice would be to select the 10 percent rule. 

The example makes clear that if criteria for developing drought contingency plans is to be 
unambiguous, they should include specific statements about several factors. They should be 
specific about the definition of risk. If the criteria are to be based on probabilities and 
magnitudes of shortfalls, they should be specific about what is acceptable (or unacceptable) risk 
in a manner that is consistent with the definition of risk. If loss functions are to be used, the 
criteria should include guidelines for constructing loss functions and rules for distinguishing 
better policies from worse ones. 

PRACTICE 

Although model policies should contain criteria of the kind discussed in the above example, 
in practice many of these criteria are stated implicitly if at all. 

The cases discussed in Chapter IV provide some insights into the nature of local practices. 
Those studies, as well as other practices that were identified through responses to the mail 
surveys are used in this chapter to explore this topic in further detail. Those surveys included 
several questions that provide information about criteria for guiding drought-related 
conservation programs. First, of the 401 responses to a question about the existence of an 
ordinance or written policy for drought management, 199 utilities (49.6 percent) indicated that 
they had no such policy prior to 1988. The fact that approximately 50 percent of the utilities 
had no written policy before 1988 means that probably fewer than 50 percent have any type of 
formal criteria for triggering various stages of a drought contingency plan. 

Even for those utilities with drought contingency plans, the use of specific, quantitative 
criteria to guide the implementation of plans is limited. A minority of those utilities with written 
policies use any kind of formal criteria and analysis to support their decisions. The survey 
inquired if the utility had, in addition to an ordinance or written policy, a technical report, 
computer program, or other quantitative information that is used in deciding when to initiate 
the sequence of actions in the conservation plan. Only 39 percent of the respondents who had 
drought policies answered "Yesn to that question. Only one in four of all the respondents 
answered in the affirmative. The question was intentionally broad to permit a wide variety of 
practices to qualify. Indeed, follow-up inquiries to those utilities who did respond affirmatively 
revealed a wide range of practices. Some have the most rudimentary of criteria and quantitative 
methods. Several, including Norfolk, VA, have relatively sophisticated methods for assessing the 
risk of water shortages derived from computer simulation models, but they did not have specific 
criteria for triggering the various stages of their drought contingency plans. 



CASES 

Because so few utilities use explicit criteria for their drought contingency programs and 
because the practices vary considerably from one utility to another, it is impossible to simply 
tabulate and statistically analyze responses to inquiries about the kinds of criteria that are being 
used. Each of the responses is more appropriately treated as a special case. Several of these 
cases are reviewed in this chapter to identify the nature of the criteria that they have used and 
to identify some of the factors that may have affected their choices. 

Durham, North Carolina 

By 1982 Durham, NC, had experienced growth sufficient to push its demand to a level that 
was approaching the safe yield of its supply. The City of Durham was well underway with its 
plans to expand its supply, but it needed a drought contingency plan in case a drought occurred 
before its new supply came on line. The City was also being asked to supply the Chapel Hill 
area with water during dry spells. In 1982 Durham developed the 6-stage plan described in 
Chapter IV. A report prepared for the City by the Research Triangle Institute (McCrodden and 
Paddock, 1982), recommended that the City adopt the following criteria for implementing the 
first 3 stages of the ordinance: 

Stage Description Trigger Criteria 

Voluntary conservation 
with 10% reduction 

Moderate mandatory 
with 15-20% reduction 

Mandatory conservation 
with 20% reduction 

Probabilrty of sustaining 
demand < = 90% 

Probability of sustaining 
demand <= 80% 

Probabilrty of sustaining 
demand <= 75% 

Removal of restrictions on demand, once they were implemented, would occur only when the 
probability of sustaining the demand had increased to 95 percent. The analysis of risks on which 
the policy was to be implemented was a 500-year sequence of synthetically generated 
streamflows based on a statistical model calibrated to 55 years of historical record. 

At the time the policy was adopted there was a very small risk that Durham could not 
sustain its demand until the supply could be expanded. The risk analysis showed that there was 
less than a 1 percent chance of failure under 1980 demand conditions, and the new supply, 
which would at least double the safe yield of the system, was under construction. 

State of Georgia 

Georgia has adopted an Emergency Water Shortage Plan (EWSP) that gives the State the 
authority to order, if necessary, the adoption of conservation programs by public water supplies 
(State of Georgia, 1987). The power to do so is derived from the Georgia Water Quality 
Control Act. 



The EWSP consists of the steps and implementation criteria as shown below: 

Description Tringerinq Criteria 

I Enforce Outside Withdrawals exceed 90% of 
Water Use permitted amount in one day, 
Restrictions or 

Production exceeds max. safe 
level for one day, 
or 
Low pressure (<=20 psi), 
or 
Streamflow below withdrawal is 
less than 1.2 times 7Q10 (see note). 

II Enforce Outside Same as Step I except that streamflow 
Water Use Bans below withdrawal is less than 0.5 times 7Q10. 

Ill Water Use Ban for Step II fails to prevent loss of service 
Non-Essential or 
Purposes Extreme low stream flows persist. 

Note: 7Q10 is the lowest 7-day moving average expected to occur once in 10 years. 

These criteria are not directly related to a risk of water shortage. Because the criteria are 
based on the 7Q10 in downstream flows, any inferences about frequencies of shortfalls in 
demand would have to be made on the basis of site-specific information about demand and 
storage. If the State strictly followed the criteria as stated, however, conservation would not 
occur until after failures had occurred. 

Washington, DC 

In the late 1970's the Washington DC metropolitan area was considering the need to 
expand its water supply in the midst of considerable opposition to the implementation of a 
development plan for a series of large scale reservoirs in the Potomac River Basin. McGarry 
(1984) reports that in 1980 the Bi-County Water Supply Task Force considered two scenarios 
for meeting needs of the area, each involving a three-stage conservation plan. The first involved 
construction of a 1.32 billion gallon reservoir. As shown in Table V-1, computer simulations of 
that option showed an 8 percent chance of implementing Stage I (restricting the use of outside 
water) for less than 30 days in any given year, a 3 percent chance of Stage 11, and very little 
chance of implementing Stage 111. The chance of implementing Stage I for more than 30 days 
was 5 percent, 2 percent for Stage 11. The second scenario involved construction of a smaller 
reservoir with 0.74 billion gallons of additional storage. The risk of implementing Stage I for 20 
percent for a duration of less than 30 days and 17 percent for a greater duration. Stage II had 
risks of 10 percent for a duration of less than 30 days, 5 percent for more than 30 days. 



Table V-I.  Drouaht Risks for Alternative Plans in the Washington Metro Area (McGarry, 1984) 

Risk for 
Duration 

Drought Less than 
Alternative S t a ~ e  30 Davs* 

A 
(Storage = 

1.32 BG) 

B 
(Storage = 

0.74 BG) 

Risk = probabilrty event will occur in any given year. 

Risk for 
Duration 
Greater than 
30 Davs* 

By opting for the f ia t  scenario the Task Force revealed its willingness to  accept the risks 
associated with that alternative, but not those associated with the second. Even so, an 8 percent 
risk of imposing conservation measures in any year would be considered by many utility 
managers to be quite high, but it is important to remember the context in which that decision 
was made. The Task Force did not begin by first defining acceptable risk then finding an 
alternative that satisfied that risk. The process, as McGarry described it, began by defining the 
alternatives. Some options that would have involved the construction of other reservoirs were 
ruled out for reasons of economic and environmental costs and political opposition. That 
process appears to be more the norm than the exception in selecting drought contingency plans. 

Table V - 2  Drought Risks for Alfernative Demands: Massachusetts Wafer Resources Authority 
(MWRA, 1988) 

S t a ~ e  

No Restrictions 

Risk for qiven demand, MGD* 
280 - - 300 - 320 340 - 

Drought Warning 12.6 6.6 4.7 6.6 

Drought Emergency 

Stage 1 2.7 11.1 9.5 4.3 

Stage 2 0 1 .O 6.6 11.5 

Stage 3 0 0 0 4.1 

* Risk = percent of months in gkven stage 



Boston 

In 1988 the Massachusetts Water Resources Authority (MWRA) faced the situation of an 
average daily demand that exceeded the safe yield of its primary supply (Quabbin Reservoir) by 
10 percent. Efforts to increase the yield of that supply have encountered stiff opposition. As an 
alternative to expansion, MWRA has proposed a long term conservation plan and a modified 
version of the three-stage drought management plan that had been used by the Metropolitan 
District Commission since 1981. MWRA considered two strategies for the drought management 
plan, one that required "...moderate restrictions when the possibility of a severe drought is still 
quite lown, and the other would postpone restrictions "...until the chances of a drought are 
greater." MWRA developed a computer simulation model to evaluate these two strategies and 
came to the following conclusion: 

[TJt is clear that deferring early actions leads to increased restrictions in the worst drought years and 
more severe impact on the consumer. [Dleferral of outdoor use restrictions would result in a need to 
increase rationing requirements by 5-10%. In a long term multi-year drought, the low impact measures 
taken in the early years ... can accumulate and be the difference in s u ~ v i n g  the worst years. [Elarly 
action is appropriate and preferable to the risk of the increased impact of deferred actions. 

Results of an evaluation of the preferred strategy for different average daily rates of use are 
given in Table V-2. For example, at 300 MGD, the safe yield of the reservoir, the system would 
be expected to be under drought warning 6.6 months out of a hundred, under the first stage of 
drought emergency 11 months out a hundred, and the second stage of drought emergency one 
month out of a hundred. 

Philadelphia, Pennsylvania 

The Philadelphia Water Department follows the Pennsylvania Drought Contingency Plan for 
the Delaware River Basin as approved by the Delaware River Basin Commission and the 
Pennsylvania Emergency Management Agency (Pennsylvania Bureau of Water Resources 
Management, 1985). That plan is complex, involving many major water supplies in the Northeast 
including New York City as well as Philadelphia. The plan recognizes that drought conditions 
may not affect the entire basin uniformly, and uses indicators over different portions of the 
basin to trigger a three-stage action plan. Five different indicators are considered to determine 
stages of a drought over each region of the basin. They are: 

1. precipitation deficits; 
2. groundwater levels; 
3. reservoir storage; 
4. flowduration c w e s  for s t readow;  and 
5. the Palmer Index. 

The possible values of each of these indicators is divided into four intervals, indicating Normal, 
Drought Watch, Drought Warning, and Drought conditions. The triggering criteria state that 
when three of the five indicators fall into a given range, the corresponding stage of the drought 
will be declared to exist. During the months December through March, the streamflow and 



Palmer indices are considered to be unreliable, and only two of the remaining three indicators 
need t o  fall into a given interval before that stage is declared. 

The  plan does not report the relative frequencies with which the various stages are 
expected to occur. Estimation of those frequencies would be very difficult given the variety of 
indicators that are used in this policy. Much of the plan is based on experiences within the 
basin in the 1960's and in 1980-81. The goal of the Pennsylvania plan is to  achieve a 25 percent 
reduction in depletive storage due to nonessential water use, a 5 percent reduction in industrial 
use, 10 percent reduction in depletive uses by steam electric plants, and a 50 percent reduction 
for golf courses and institutions. 

Portland, Oregon 

The drought of 1987 prompted the Bureau of Water Works in Portland, Oregon to prepare 
its firstever drought/water shortage plan (City of Portland, 1988). Thatplan is based on a 
three-tier definition of the supply that includes: (1) Normal Supply, 10.8 billion gallons of 
readily accessible reservoir capacity; (2) Safe Reserve Supply, a combination of surface and 
groundwater sources with a total capacity of 4.8 billion gallons; and (3) at least 8.6 billion 
gallons of Drought Reserve Supply that would pose some difficulty and expense to obtain. The 
drought plan calls for periodic predictions of the lowest levels of reserves that will be reached 
o\.er the remainder of the annual drawdown-refill cycle. Those predictions are to be made 
monthly from January through May, then at least twice a month over the remainder of the 
cycle (weekly if necessary, depending upon the status of the supply). Actions are to be taken by 
the Bureau to enhance supplies and to call for voluntary conservation when the predictions 
indicate that use of the Safe Reserves will be required. If the prediction indicates that Drought 
Reserves will be required, the plan calls for the formation of a Drought Task Force which will 
be empowered to impose mandatory conservation, the details of which are to be developed by 
the Task Force according to guidelines stated in the plan. 

Computer simulation was used to evaluate the plan. Variations in supply were estimated 
from 80 years of record on streamflow. Variations in demand due to the climatic variables were 
estimated for 54 years of record on rainfall and temperature. By combining demands and supply 
to determine the relative frequency of drawdowns under current demands, it was determined 
that under the plan Safe Reserves would be drawn down to 30 percent of capacity once in 20 
years. Under the plan the 1987 drought would have dipped slightly into the Drought Reserve, 
and that was judged to be the one-in-25 year event. By implication of the adoption of the plan 
by the Bureau of Water Works, these were acceptable risks. Of course, even under the one-in- 
25 year event, there would be a very substantial amount in Drought Storage. 

New Haven, Connecticut 

The South Central Connecticut Regional Water Authority (SCCRWA) operates a 51 MGD 
system to meet needs in the New Haven area. It adopted Drought Response Plan in March 
1988 (SCCRWA, 1988) that includes four phases: (1) Authority Actions that could increase 
supply and reduce demand by 4.5 MGD; (2) Voluntary Conservation that would reduce 
consumption by 10 percent; (3) Mandatory Restrictions that would reduced demand by another 
10 percent; and (4) Rationing that could cut demand by up to 50 percent. Triggers for each of 



these phases were established for each month of the year. They are stated in terms of the 
number of days of demand remaining in storage. 

The triggers were established by calculating the amount of storage that would be necessary 
to just satisfy current demands during the worst drought of record if demands were managed 
according to the plan (Donald E. Jackson, Director of Operations, South Central Connecticut 
Regional Water Authority, New Haven, m, Personal communication, 1989). No simulation of 
the system was conducted to determine the relative frequencies with which various phases in 
the plan would be implemented. However, the length of historical records for streamflows and 
precipitation that were used to determine the worst drought of record would imply that the 
probability of a worst drought is in the range of 0.013-0.017. 

Boulder, Colorado 

Boulder, Colorado is one of the few cities in the country to have established explicit standards 
for the reliability of their water supply. These standards, set as a part of the raw water master 
plan developed in September, 1988 City of Boulder,1988), are also some of the most stringent 
in the United States. The policies regarding standards for water supply services state that 

m h e  City shall strive to balance the costs of increased reliability and the consequences of 
temporary water shortages. It is recognized that no municipal water supply can ever be 
100% reliable against all risk facts and that the economic and environmental opportunity 
costs of reducing the risks of occasional water shortages are significant. 

The City then went on to set some of the most stringent standards found anywhere. They are: 

k For those water uses deemed essential to the maintenance of basic public health, safety, 
and welfare, reliability of supply is to be ensured against droughts with recurrence 
intervals of up to 1000 years. 

B. For water use needed to support lawns and gardens, the reliability is to be ensured 
against droughts with recurrence intervals of up to 100 years. 

C. All water needs are to be ensured against droughts with recurrence intervals of up to 20 
years. 

These standards were set against the background of an assessment of the risk of drought 
(WBLA, Inc., 1987) and amidst a discussion about the possible disposition of excess water 
supplies that areavailable to  the City of Boulder. Current use in Boulder is approximately 
20,000 acre-feet per year (18 MGD), and the projected buildout demand expected midway 
through the next century is 33,000 acre-feet (29 MGD). Under the worst drought of record that 
occurred in 1954, the present system could have delivered about 42,000 acre-feet. 

Chapel Hill, North Carolina 

Another utility that has used explicit criteria for guiding its drought contingency plan during 
1988 is the Orange Water and Sewer Authority (OWASA) which serves Chapel Hill, Carrboro, 



and portions of Orange County, NC. OWASA operated a system in 1988 with an average 
annual demand of 6.5 MGD and a supply with a safe yield of approximately 5 MGD. 
Arrangements had been made to purchase water from the City of Durham when the risk of a 
shortage or  excessive conservation on the primary system reached a specified level. 

The form of the policy, the criteria, and the computational algorithm for deriving the 
trigger levels have been described more completely in an earlier paper (Moreau, 1988). The 
policy consisted of four stages: (1) begin purchases from Durham; (2) request voluntary 
conservation with a target of reducing demand by 10 percent; (3) require outdoor uses to  be 
limited to specdied times of the week to achieve an additional 5 percent reduction; and (4) 
impose a complete ban on outdoor uses with another 5 percent reduction. Purchases from 
Durham continued during Stages 2-4. Rule curves were derived using the following criteria: 

Stage I would be initiated when probability of purchasing water from Durham for more 
than 10 weeks is 0.10 or greater, or the probability of invoking any form of conservation 
for more than 4 weeks is greater than 0.05, or the probability of depleting the active 
storage in the primary supply is at most 0.016 (once in the 60 years of record); 

Stage I1 would be initiated when the probability of invoking any form of conservation for 
more than 4 weeks exceeds 0.05 or the probability of depleting active storage is at most 
0.0 16; 

Stage III would be activated when the probability of either a limited ban or  a complete ban 
on outdoor use for more than 4 weeks exceeded 0.05 or the condition on depletion of 
storage could not be met; and 

Stage IV would be activated when the probability of a complete ban for more than 4 weeks 
was exceeded or the condition on storage depletion could not be satisfied. 

Without the ability to purchase water from Durham before calling for conservation, this policy 
would not be feasible. Before these arrangements were made, OWASA was facing a probability 
of 0.25-0.35 of going into conservation in any given year. It had done so 5 times in the past 15 
years. 

OBSERVATIONS 

Evidence gained from these cases, in combination with the survey data, lead to several 
observations about current practices in using criteria for the formulation and implementation of 
drought contingency plans. First, approximately one half of the utiiities in the population served 
have no written drought contingency plans, and, hence, no criteria for implementation. Only 
one in four claim to have any type of quantitative or  technical basis to guide implementation of 
drought management programs, and that group of 100-125 utilities covers a broad range of 
practices, degrees of specificity, and levels of sophistication. 

Second, Boulder, C O  and OWASA are among the a very small number of utilities who 
have adopted explicit criteria to guide the formulation of drought contingency plans. In both of 
these cases, the utilities were able to do  so because of the availability of adequate supplies 
either from their own sources or  from a neighboring utility. 



In the other cases, criteria for drought management are defined implicitly as choices are 
made among alternative strategies for bringing demands and supplies into balance. Acceptable 
risks were not stated as standards to be satisfied. Rather the frequencies and magnitudes of 
shortfalls in water supplies were evaluated in the context of multiple-objective evaluations of 
expansions to existing supplies. Those evaluations did not focus only on the risk of shortfalls, 
but they also addressed economic costs, environmental consequences, and the legal and political 
feasibility of expanding supplies. In several instances, considerations of these factors led to the 
acceptance of higher risks than the utilities would have preferred otherwise. 

Finally, a large share of the drought contingency plans that have been developed are based 
on the worst drought of record. Very few have explicitly taken into account either the 
estimated recurrence internal of the drought-of-record or the fact that the probability of 
repeating the exact sequence of events in that drought is exceedingly small. 



CHAPTER VI 

A RISK-BASED MODEL FOR DROUGHT CONTINGENCY PLANNING 

The cases in Chapter IV, as well as other evidence, point to the conclusion that strategies 
for satisfying needs for public water supplies in the United States today are much different from 
those of just a few years ago. Increased concerns about public health and environmental 
protection, declining numbers of prime sources, and greater competition for the roesource are 
guiding purveyors to make more efficient use of existing sources as an alternative to expanding 
supplies. Strategies for increasing the efficiency of existing sources have elements of both supply 
and demand, and they require more information of higher quality. Results of the surveys 
reported in Chapters I1 and Ill identify substantial opportunities for improving efficiencies 
under drought conditions. The fact that only one-fourth of the utilities in those surveys claim to 
have analytical aids to support management decisions under drought conditions is one clear 
indicator of the extent of these opportunities. 

One method for developing more efficient operating policies for managing water supplies 
under drought conditions is presented in this chapter. Unlike many other models that have been 
suggested in the literature but never implemented, the model is built around the nearly 
universal practice of sequentially implemented, increasingly stringent stages of conservation. It 
makes policy decisions explicit in the form of acceptable risks about the kinds of undesirable 
events that utility managers often cite as the factors that affect their decisions, and it 
incorporates the effects of conservation decisions over the remainder of the drawdown-refill 
cycle directly into the derivation of trigger levels for implementing the several stages of the 
policy. 

BACKGROUND 

Literature on the subject of managing water supply systems during impending and actual 
drought conditions has expanded rapidly in the past 25 years with the development of 
mathematical optimization techniques and the wide spread use of digital computers. The volume 
of that literature is such that a detailed examination is beyond the scope of this report. 
Fortunately, a substantial review of over 200 papers and reports was published in 1985 (Yeh). 
That review covered a broad array of methods including: (1) linear programming and its 
variations to incorporate uncertainty; (2) dynamic programming with its many variants; (3) 
nonlinear programming; and (4) simulation. Not all of that literature is directed to the particular 
problem of managing municipal and industrial water supplies under drought conditions, but it 
contains a rich variety of methods that either have been or could be readily adapted to that 
problem. 

The disappointing observation reported by Yeh is that despite the considerable effort spent 
in developing these methods, water managers are still reluctant to use optimization models for 
operating their systems. H e  suggests several reasons for the slow penetration of these methods 
into practice. One  reason is that few managers have been involved in developing the models, 
many of which do  not provide guidance on the kinds of decisions the managers face. Another 



reason is that most of the papers are based on overly simplified systems. Other factors also limit 
the applicability of much of that literature to the management of systems that are used 
primarily for public water supplies. First, mathematical programming models begin with the 
formulation of an objective function that is to be maximized or minimized. The most prevalent 
type of objective cited in that literature is to minimize economic losses. Although there is very 
little documented research on what criteria are actually used by local water managers to guide 
operations during droughts, the legacy of engineering practice suggests that many systems are 
operated to reduce to an acceptable level the risks that undesirable events will occur. Those 
events might be the depletion of water stored in a reservoir, the imposition of conservation for 
extended periods, or the failure to leave an adequate supply on hand to begin the next year. In 
short, while there is little documentation of what criteria are actually used, the minimization of 
economic losses as widely used in mathematical programming is not widely used in a formal 
sense in deriving operating policies. An exception to this conclusion is the case of Seattle where 
a formal economic loss function is used in a linear programming model that forms the core of 
an expert system for drought management (Palmer and Holmes, 1988), but that case is a rare 
exception to the rule. 

Second, many of the models that are addressed to the particular problem of managing 
public water supplies do not incorporate the very important problem of risk and uncertainty. 
Two papers published in 1986 illustrate this point. Randall, Houck, and Wright (1986) present a 
multiobjective linear programming model for the Indianapolis Water Company. The model 
operates very short time horizons over which hydrologic forecasts are reasonably reliable, but it 
does not incorporate uncertainties about flows more than "several days" in the future. As the 
authors acknowledge, "One of the difficulties in using this model for real-time simulation is that 
its lack of foresight into the distant future allows the storage to be drawn down to a very low 
level." That is exactly what many water managers in North Carolina wanted to avoid in 1986. A 
second model that illustrated the point is a network optimization model that was applied to the 
Fort Collins, Colorado water supply (Labadie, Bode, and Pineda, 1986). That model allocates 
water among several sources so as to minimize a weighted combination of priorities 
on carryover storage and water rights. It does not include statements of uncertainty about 
future inflows. Neither does it incorporate options for managing demand; it simply shortens 
"junior water rights" in order of priority as shortages are encountered. 

A third factor that limits the use of optimization models for operating water supplies is the 
surprisingly small number of utilities that use any kind of formal policy for managing their 
systems. The survey in Chapter I11 found that less than 40 percent of the utilities who serve 
10,000 or more connections had any kind of policy, and that about two-thirds of them claimed 
to have any kind of analytical support for their policies. 

One of the principal findings from the analysis of criteria in Chapter V is that many 
systems are operating on the general concept of reducing the risk of a "worst case" condition to 
an acceptable level. It is primarily on that type of criteria and common sense judgments that 
the policies derived in this chapter are based. Economists often criticize policies based on 
criteria of this type and may argue that such policies do  not take account of economic 
consequences. That criticism is valid to the extent that economic criteria are not explicitly 
incorporated into the derivation of these policies, but the selection of risk factors may be based 
on exogenous considerations of what consumers are willing to  pay to avoid the economic, social, 



and political costs of running out of water or imposing demand reduction techniques if such 
events were to occur. 

Several investigators have carried out risk assessments to support decision making by local 
governments. Hirsch (1978) conducted a thorough analysis of the risks of shortages for the 
Occoquan Reservoir that serves Fairfax and Prince William Counties, Virginia. His simulation 
model was used to estimate the relative frequencies of shortages, the relative frequencies and 
duration with which the most severe stages of conservation would be declared, and he used 
"positional analysis" to estimate the probabilities that shortages would occur over the remainder 
of the drawdown-refill cycle given a known level of storage at any time of the year. McCrodden 
and Paddock (1982) used a similar approach to develop the risk tables for Durham, North 
Carolina as described in Chapter IV. Similar methods were also used to estimate risks for the 
water supply in Norfolk, Virginia. A more sophisticated model that also incorporates current 
surveys of snowpack is used by the California Department of Water Resources to make monthly 
forecasts of the-amount of water that will be avaiable from the State Water Project. 

These and other methods for risk assessment are very useful guides for making decisions 
about the management of water supplies under drought conditions, but they stop short of 
translating risks into operating policies. Furthermore, if short-term consenration measures are 
adopted, they alter the risks that a utility faces, and they ignore probabilities that different 
stages of conservation will be declared over the remainder of a drought. These limitations are 
overcome in the extended method that was developed for three utilities in the Research 
Triangle region of North Carolina. 

POLICY STRUCTURE AND CRITERIA 

The general structure of the policy is depicted in Figure VI-I. Decisions are to be made at 
given time intervals throughout the year during the drawdown-refill cycle of the reservoir. The 
decision intervals are a matter of choice. Management may choose to make decisions daily, 
weekly, o r  at longer intervals. That choice is not crucial to the general stmcture of the policy, 
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Figure Vl-I. General Structure of the Operating Policy 



nor is it crucial to the algorithm for finding the policy. A weekly interval appears to be a 
reasonable choice, however, and this discussion assumes weekly time intervals. At the beginning 
of each week, then, management has one of several choices, depending on the nature of the 
supply. It can operate the water supply under normal conditions; it may request some form of 
conservation; if it makes interruptable sales to other utilities, it may choose to  curtail those 
sales; and if it has an alternative source, it may choose to take water from that source. For the 
case where the utility has its own sources, makes no sales to other utilities, and has no 
alternative source (except those that might be used in an extreme emergency), the choices 
might be as follows: 

1. operate under normal conditions with no curtailment of demand; 

2. call for voluntary conservation; 

3. impose partial mandatory conservation that limits some water uses, usually lawn sprinkling 
and car washing, either eliminating them altogether or  limiting them to certain days of the 
week and times of the day; and 

4. impose full mandatory conservation that places further restrictions on residential uses as 
well as limits selected commercial and industrial uses. 

Some utilities have more stages in their conservation programs, and the methods discussed here 
can be readily adapted to include more than four stages. 

In this policy the choice of actions is guided by the amount of water in storage at the 
beginning of each week. The rationale for that choice will be made clear later, but the dividing 
lines between the ranges of storage levels for the different actions in the policy are referred to 
here as Trigger Levels. If the storage at the beginning of a given week is above Trigger Level 
1, then the system will be operated with Action 1 (normal operation). If it is below Trigger 
Level 1 but above Trigger Level 2, the system will be operated under Action 2, namely 
voluntary conservation. If the storage level is below Trigger Level 2 but above Trigger Level 3, 
then partial mandatory conservation will be imposed (Action 3). Finally, if the storage level is 
below Level 3, then full mandatory conservation or Action 4 will be taken. 

The selection of Trigger Levels is determined by the specification of acceptable 
probabilities at which certain events may occur over the remainder of a drawdown-refill cycle. 
For the purpose of stating these risks, certain definitions are useful. 

Let T be the time interval between the beginning of week t and the end of the drawdown-refill 
(D-R) cycle. 

Let El be the event that any type of conservation will be necessary for more than D2 weeks 
during time interval T. 

Let E2 be the event that mandatory conservation (either partial or full) will be necessary for 
more than D, weeks during time interval T. 



Let E, be the event that full mandatory conservation will be necessary for more than D3 weeks 
during time interval T. 

Let E4 be the event that the storage level drops below some specified minimum level, S, during 
time interval T. 

Let E, be the event that the storage at the end of the drawdown-refill cycle is less than some 
specified target level, 0. 

These events are conveniently referred to later as criteria events because they are the events on 
which the performance criteria are based. Let the acceptable probabilities of their occurrence 
be denoted a,, a,, a3, a,, and g, respectively. 

With these definitions it is possible to state precisely the form of the criteria that 
determine the operating policy and guide the derivation of actions levels. Because the inflows 
over time interval T (and to some extent even the demands) are uncertain, the criteria must be 
stated in probability terms. Consider first the criteria for normal operation (Action 1). If, at the 
beginning of the t'h week, the following conditions are satisfied: 

and Pr{ E, ) < a, 

then management would operate under normal conditions for that week. Stated in a less formal 
way, normal operations would occur during any week in which the probability of excessive 
conservation is sufficiently small, the probability of running out of water is sufficiently small, and 
the probability of not having an ample supply to begin the next year is sufficiently small. 

If any one of the conditions stated in expressions (VI 1-3) is not satisfied, then 
management should consider some form of conservation. Consider the criteria for voluntary 
criteria. If the following conditions are satisfied: 

then management would request voluntary conservation. In other words, if the conditions for 
normal operations cannot be satisfied, but the probability of excessive mandatory conservation is 
sufficiently small, the probability of running out of water is sufficiently small, and the probability 
of not having an ample supply of water to begin the next year is' sufficiently small, then 
management would call for voluntary conservation. 



If neither the conditions for normal operation nor the conditions for voluntary conservation 
can be satisfied, then management should consider partial mandatory conservation. The 
conditions that must be satisfied for that action are: 

and 

These expressions state that if the probability of excessive full mandatory conservation is 
sufficiently small, the probability of running out of water is sufficiently small, and the probability 
of not having an ample supply to begin next year is sufficiently small, then operate under 
partial mandatory conservation. 

Finally, if none the above conditions can be satisfied, the last resort is to impose full 
mandatory conservation. 

Calculation of Trigger Levels 

The probabilities that are used to state the criteria for operating the water supply are 
dependent on four factors: 

(1) streamflows that are randomly variable over the remainder of the D-R cycle; 

(2) demand over the remainder of the drawdown-refill cycle; 

(3) operating decisions that will be made at the beginning of each week over the remainder 
of the D-R cycle; and 

(4) the amount of water in storage at the beginning of week t. 

There is nothing that management can do about the uncertainty in the first of these factors. 
Even with streamflow forecasting, there will be considerable uncertainty about the sequence of 
flows over the remainder of the D-R cycle. 

The third of these factors means that the policy must be determined for each week of the 
annual cycle in reverse chronological order. Since the probabilities at the beginning of ariy given 
week depend on decisions that will be made later in the D-R cycle, the action levels for the 
later weeks must be known. Thus, the policy for the last week must be determined first, the 
next to last week second, etc. 

The last of the factors, the amount of water in storage at the beginning of a given week, 
becomes the triggering mechanism for successive actions in the policy. With the other two 
factors given, it is the initial storage level that determines when Conditions (VI 1-3) are 
satisfied, when Conditions (VI 4-6) are satisfied, and when Conditions (VI 7-9) are satisfied. 



A method for finding the breakpoints for satisfying these sets of conditions is described in 
the following paragraphs. Consider finding the levels for week t. At that point in the process, 
the policy would be known for the remainder of the D-R cycle. Let the set of trigger levels 
that define that policy be labeled as shown in the following table: 

Trigger 
Level 

Week 

t + l  t+2 

Let that array be referred to for brevity as A,+I. 

Then, the level at which voluntary conservation would begin in week t, namely trigger level all, 
is the smallest level of storage that will satisfy the performance criteria in expressions (VI 1-3). 
In formal terms 

a,, = minimum S, 

subject to Pr{ El I 4+,, St) < a1 

Likewise, the level at which partial mandatory conservation would begin, namely at trigger level 
a,,, is the smallest storage level that will satisfy the performance standards in (VI 4-6). That is: 

a,, = minimum St 

subject to Pr{ E2 I A,+1, SJ < a2 

Pr{ E4 I h+i~ St) < a4 

Pr{ ES I At+lI S,) < as 

Also, the level at which full mandatory conservation would begin is: 

a,, = minimum St 

subject to Pr{ E3 I A,+,, St) < a3 
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An algorithm for finding the trigger levels has been constructed using a combination of 
simulation to estimate the probabilities and a direct, trial-and-error search procedure to find 
minimum storage 
levels that satisfy 
the performance 
criteria. The 
general form of the 
algorithm is shown 
in Figure VI-2. 

Simulation to 
estimate . . 

probabilities for 
criteria events is 
straightfonvard. I t  
requires a random 
sample of 
sequences of 
weekly streamflows 
over the annual 
drawdown-refill 
cycle. The historical 
record of inflows 
(properly adjusted 
for the location of 
gages and upstream 
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Figure Vl-3. Action Levels for the Orange Water and Sewer Authority for 
Supply Facilifies and Demands in 1988 

regulation) may be used directly for that purpose. An alternate approach is to use the historical 
record to construct a time series model from which synthetic sequences for flows can be 
generated using a random number generator. Regardless of which set of streamflows is used, 
each annual sequence of weekly flows can be considered to be a single realization of an infinite 
number of sequences that could occur. A 50-year record of flows can be considered to contain 
50 realizations of the infinite number of sequences that could occur. 

+ 
Simulation can be used to determine whether or not, for a given initial storage level in 

week t, the performance criteria would be satisfied by that portion of each streamflow sequence 
that begins in week t. The relative frequency with which the performance criteria are satisfied 
can be determined by repeating the simulation over each of the annual sequences in the 
historical record. The simulation model contains several elements: 

1. the operating policy as previously determined for weeks 52 51, 50, ... t+1; 



2. a demand prediction for week t given a mean annual demand; 

3. a water balance model for the reservoir that accounts for inflows, withdrawals, 
evaporation, and releases and uncontrolled spills; and 

4. an accounting module that keeps track of the occurrence of selected events as the 
sequences of £lorn are routed through the model. 
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'igure V I 4 .  Action Levels for Durham, NC, for Demand-Supply Conditions 
in 1988 

Orange Water 
and Sewer 
Authority 

This model has 
been used to  
construct operating 
policies for the 
three principal 
purveyors in the 
Research Triangle 
area of North 
Carolina; namely, 
the Orange Water 
and Sewer 
Authority 
(OWASA) which 
serves Chapel Hill 
and Carrboro, the 
City of Durham, 
and the City of 
Raleigh. All the 
supplies for these 

systems are from surface sources, but differences among the systems are sufficient to require 
adaptation of the model to each case. 

The model was applied to the OWASA System as it existed prior to commencement of 
operation of the permanent Cane Creek Reservoir in 1989. A sketch of that system, basic data 
about supply and demand, and a description of the policy structure are included in the 
discussion in Chapter IV. For purposes of this analysis, the three storage facilities, University 
Lake, the Stone Quarry, and the emergency Cane Creek facility, were treated as a single 
reservoir with a combined active storage of 861 MG, an assumption that is justified because of 
their close proximity to each other and interconnections that exist among them. The average 
annual rate of withdrawal is set at 6.5 MGD, the proximate value for 1988. Seasonal variations 
are as shown in Chapter IV. A 60-year record of streamflows was constructed from the nearest 
stream gages, those located on the Eno River at Hillsborough and Durham. 



The sequence of actions in OWASA's policy in 1988 was: 

(0) purchase from Durham at the rate of 3 MGD; 
(1) voluntary conservation; 
(2) a partial mandatory ban on outdoor use; and 
(3) a complete mandatory ban on outdoor use. 

For this case, the event Eo is defined as the purchase of water from Durham for a period of 
more than 6 weeks in a single year, and the acceptable risk of that occurrence was set at 0.10. 
Events El, E2, and E, are the same as defined earlier, and the criteria for these events as 
adopted by OWASA were: 

Under demandhupply conditions that prevailed in 1988, OWASA made the judgment that the 
maintenance of a reserve was a luxury that they could not afford. Furthermore, with single 
purpose reservoirs and the hydrology of the region, there is a negligible risk that the reservoirs 
will be less than full on April 1 of each year. Thus, the constraint on end-of-year storage was 
omitted. Similar reasoning 
led to the adoption of an 
April 1 -March 31 water 
year for this analysis. 

Effects of conservation 
in this case were targeted 
at 10 percent for 
voluntary, 15 percent for 
partial mandatory, and 20 
percent with full 
mandatory. These targets 
are based on past 
experience with this 
system. 

Results of the 
mmputa tions to find 
trigger levels that satisfy 
these criteria are shown in 
Figure VI-3. Noteworthy is 
the fact that there is very 
tittle separation between 
the trigger levels for 
successive stages of 

of  
e Neuse 
Lake 



conservation. There 
is much greater 
separation between 
purchase levels and 
voluntary 
conservation levels. 
These outcomes 
indicate that the 
marginal effects of 
conservation in any 
one  week are 
rather small, 
especially when 
they are compared 
to  purchasing 
nearly one-half of 
the demand from 
an outside source. 

Durham 'igure Vl-6. Withdrawals lor Water Supply, Raleigh, NC 

Details of the 
supply and demand circumstances for Durham are also given in Chapter IV. Derivation of the 
policy in this case is based on the existence of the Little River Reservoir which came into 
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Raleigh, NC 

operation in 1988. 
It is also based on 
the sale of water to 
other utilities under 
intemptable 
service contracts 
and the use of 
excess supply at 
Lake Michie to 
generate electric 
power, an option 
that is still under 
consideration by 
the city. If 
hydropower is 
generated, however, 
it would use 
uncontrolled spills 
and withdrawals 
only to  the extent 
that there would be 
ample water in 
storage to satisfy 



criteria on other uses. Thus, withdrawals for generating power do  not enter directly into the calculations. 

The sequence of actions in the policy is: 

(0) discontinue sales to other utilities; 
(1) voluntary conservation; 
(2) partial mandatory conservation; and 
(3) full mandatory conservation. 

For Durham the event E, is defined as the curtailment of sales to other utilities for more than 
2 weeks in any one year, and the acceptable risk of that occurrence was set at 0.02. Criteria for 
the conservation events El, E,, and E,, and their effects are the same as those for O W A S k  A 
reserve capacity of 1000 MG was specified. 

A 59-year record of streamflows on the Flat River was used to compute trigger levels for 
Durham. Average annual demand was set at 25 MGD and the seasonality factors are given in 
Chapter IV, and sales to other communities were set at 4 MGD. 

Results of the computations for Durham are given in Figure VIA. Here the marginal effects 
of conservation during early months in the year are greater than they were for O W A S k  

Raleigh 

In Raleigh the primary source of supply is Falls of the Neuse Lake, a multiple purpose 
reservoir owned and operated by the U.S. Army Corps of Engineers as shown in Figure VI-5. 
The conservation pool, containing a total of 89,700 acre-feet of  storage, has been allocated 
between water 
supply (35,000 
acre-feet to 
Raleigh through a 
cost-sharing 
agreement) and 
water quality in the 
Neuse River. The 
Corps of Engineers 
estimates that the 
water supply 
component has a 
safe yield of 55 
MGD. The 
existence of the 
water supply as a 
part of a dual- 
PurPose 
conservation pool 
causes only minor 
complications in 
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the analysis, because the Corps of Engineers treats the two parts of the conservation pool as 
separable entities. Rules for allocating inflows, evaporative losses, withdrawals, and spillovers to 
the two components are clearly established. There is the slight added burden of simulating both 
components of the conservation pool in the search for trigger levels that satisfy the criteria for 
water supply. 

A much larger difficulty in Raleigh was the construction of a 52-year sequence of inflows 
that were adjusted for the upstream effects of storage in Lake Michie and the diversions and 
return flows from Durham. Procedures for constructing those records are described elsewhere 
(Moreau, 1989). 

Growth in demand on the Raleigh system has been very rapid, increasing from 26 MGD in 
1984 to 33 MGD in 1988 as shown in Figure VI-6. Seasonal variations, given in Figure VI-7, 
are similar to those in Durham. 

The structure of the policy for Raleigh is relatively simple, including only the three 
conservation stages. Other steps are specified in Raleigh's ordinances, but they are beyond the 
scope of this policy. The criteria for implementing those actions and their effects on demand 
are the same as those in Durham and OWASA. A reserve capacity of 1000 MG was established 
for Raleigh. 

Results of the computations for Raleigh with the 1988 demand of 33 MGD are given in 
Figure VI-8. Here again the marginal effects of conservation in the early months of the year 
are noticeable. 



CHAPTER VII 

ESTIMATION OF CONSERVATION EFFECTS ON DEMAND 

PURPOSE 

Demand management is a major element of drought contingency planning; indeed, during 
those early stages of a drought before supplies are rescheduled or rationed, demand reduction is 
the only control available to drought managers. While claims of percentage demand reductions 
are commonly made in the aftermath of a drought, and as a means of justifying conservation 
requests, it is often unclear what the claimed reductions are measured relative to. In addition, if 
a baseline is given (e.g., "last July's average demand", or "last week's demand"), the relevance of 
that baseline is questionable because demand for much of the year is a function of random 
meteorological events, which are unlikely to be identical between conservation periods and 
baseline historical periods. 

The only appropriate baseline against which demand reductions can be measured is the 
unrestricted demand that would have occurred during the period that conservation was in effect, 
i.e. the demand during that period that would have been realized in the absence of 
conservation. The purpose of this chapter is to develop a general statistical modeling approach 
for estimating this demand and to apply the model to selected case studies to estimate the 
actual demand reductions in order to assess the overall effectiveness of demand conservation 
measures. 

Because conservation measures can be imposed and rescinded nearly instantaneously, it was 
felt important that the model be capable of estimating demands over a relatively short averaging 
period. For example, if weekly averages were estimated, only weeks that were fully covered by 
the conservation period would be amenable to analysis. Partially included weeks would introduce 
the problem of allocating some fraction of the estimate to the conservation period. For this 
reason, a daily averaging period was selected. 

LITERATURE REVIEW 

Although a considerable body of literature exists for water demand forecasting for monthly 
or yearly averaging periods, primarily for use in sizing reservoirs and for budgetary purposes, 
surprisingly little work has been published on forecasting time series of daily average demands. 
One possible explanation for this is that, traditionally, the predominant need for daily demand 
forecasts was limited to estimates of the maximum daily demand, for use in sizing those facilities 
sensitive to maximum daily demands. The entire chronological order of the daily demand time 
series was not of particular interest. Examples of forecasts of maximum daily demand are 
provided by Howe and Linaweaver (1967) and Hughes (1980). In recent years, however, the 
increasing interest in more efficient management of existing facilities has led to a greater need 
for forecasts of entire time series of daily demands. Examples include daily demand forecasting 
for scheduling reservoir releases, power-minimizing operation of pumping stations, system 
management during emergency situations such as pipe breaks, as well as estimates of the 
effectiveness of demand management programs, the subject of interest here. 



Researchers at the University of Texas at Austin have been active in applying Box-Jenkins 
methods of time series analysis to daily demand forecasting. Maidment e t  al. (1985) use transfer 
function models to forecast daily demands for Austin. Unlike classical time series models which 
do not have explanatory variables per se but instead rely on the information contained in the 
demand time series itself, transfer function models go beyond classical time series methods by 
including explanatory variables such as temperature and rainfall. Lag or lead effects of the 
explanatory variables are also easily accommodated by the transfer function modeling approach. 
Maidment e t  al. express daily demand as a function of base demand and seasonal demand. The  
base demand represents the minimum demand, including long-term trends, that is independent 
of meteorological conditions. Seasonal demand, that demand above base demand which varies in 
accordance with temperature and rainfall-related variables, is considered to have two 
components, "potential" seasonal demand and "short-memory" seasonal demand. The potential 
seasonal demand is the smoothly-varying seasonal demand that would occur in the absence of 
significant rainfall due to average temperatures. A "heat function" is developed for this purpose 
by regressing weekly average seasonal demand on weekly average temperature. Because the 
seasonal data are contaminated by rainfall effects, some arbitrariness was noted in selection of 
the data used to develop the heat function and Miaou (1986) later modified the methodology 
by using Fourier series to isolate the temperature influence. The second component of seasonal 
demand, short-memory demand, represents the highly variable seasonal demand due to 
short-term temperature and rainfall patterns and was modeled using transfer functions. 

Shaw and Maidment use the University of Texas transfer function model in an intervention 
analysis to estimate the effects of conservation programs for Austin, Texas (Shaw and 
Maidment, 1987) and Corpus Christi (Shaw and Maidment, 1988). Intervention analysis (Box 
and Tiao, 1973) is a special case of transfer function models designed to analyze whether a 
natural or man-induced intervention causes a significant change in the mean level of a time 
series. The method essentially involves adding another transfer function for each intervention to 
be modeled. The intervention variable is a pulse response similar to the use of binary dummy 
variables in regression models. Hipel et  al. (1975) describe a variety of potential uses of 
intervention analysis in water resources. Mandatory conservation was imposed in Austin during 
the summers of 1984 and 1985 in response to high demands stressing the City's treatment and 
distribution capabilities. Shaw and Maidment's intervention experiment indicated that as 
compared to  a peak demand of about 170 MGD, the 1984 restrictions reduced demand by an 
average of 13.5 MGD while the 1985 restrictions achieved a 5.5 MGD reduction. In Corpus 
Christi, a multi-stage conservation program was imposed during the 1984 drought to extend 
dwindling supplies. The intervention analysis showed there an average reduction of 29 MGD, 
compared to a peak use of about 100 MGD. Voluntary restrictions were observed to have little 
effect in either city. Shaw and Maidment note that a limitation of the intervention analysis 
approach to  assessing conservation effectiveness is that the reduction is measured as an average 
effect which fails to  reveal the actual changes over time (Shaw and Maidment, 1987). For 
example, decreasing effectiveness over the course of the conservation period would not be 
detectable. 

Whitcomb and Boland (1987) also use transfer functions to capture the short-term effects 
of temperature and rainfall but use a different approach than Maidment et  al. for base demand. 
Their model was developed to forecast daily demands in the Los Angela  Department of Water 



and Power's service area and expresses daily demand as the sum of two effects, "calendar" 
effects and "causal" effects. Calendar effects include those non-random variations in demand due 
to long-term trend and seasonal and day-of-week cycles. Long-term trend is assumed to be 
linear and peaking factors are used to model seasonal and day-of-week cyclical demand patterns. 
The causal model is a transfer function model incorporating both temperature-related and 
rainfall-related variables. Interestingly, in addition to lag values of these explanatory variables, 
lead values are also included in an attempt to capture the effect on landscape irrigation 
decisions of weather forecasts. 

Steiner (1984) compared two alternative models of daily demand for the Washington, D.C. 
metropolitan area. The first was a multivariate linear regression model that included as 
independent variables the lag one daily demand, daily maximum temperature, and a rainfall- 
related variable, the number of antecedent dry days since a threshold rainfall of 0.1 inches or 
greater. The second model was a linear regression on the climatic variables only (omitting 
lagged demand) with the residual modeled as an A R M  (I,]) process. For both models, seasonal 
and day-of-week effects were considered by grouping the data and developing separate models 
for each data group. Little difference was found in the relative performances of the two models 
and the additional effort involved in estimating the ARMA parameters of the second model was 
deemed not worth the effort given the only marginal performance improvement. 

Smith (1988) also modeled daily demand for the Washington, D.C. metropolitan area. He  
used a time series approach but without transfer functions, arguing that the explanatory 
variables are simply too difficult to forecast. His model was termed a conditional autoregressive 
process with randomly varying mean. Daily demand forecasts are made based on current 
demands and predicted mean annual demand for that year. Mean annual demand is predicted 
from historical annual demand data using a non-parametric estimator of trend slope. Mean 
predicted annual demand is then multiplied by a "unit demand functionw to include long-term 
trend and seasonal and day-of-week cycles. On day t, the unit demand function is the ratio of 
mean daily demand for day t to that year's mean daily demand. The model is used to schedule 
releases from two upstream reservoirs to augment water supplies for the metropolitan area. 
Time-of-travel for one of these reservoirs is on the order of 5 days, thus explaining the 
reluctance to use transfer function models since 5 day ahead forecasts of precipitation and 
temperatures would simply be too uncertain. Smith notes that a potentially useful extension to 
the model would be the incorporation of historical precipitation data into the random mean 
process. This would capture some of the useful explanatory power in precipitation data and 
improve estimation of the mean yet the difficulties at tendant precipitation forecasting would still 
be avoided. 

Anderson et  al. (1980) used a regression model for daily demand forecasting to estimate 
conservation savings in Fort Collins, Colorado during the 1977 drought that affected much of 
the west. A 6 week restriction on lawn watering during the summer of 1977 was noted by city 
officials to effect a 41 percent reduction relative to the previous year. Anderson et  al. observed 
that the period of restrictions happened to be coincident with a period of abnormally cool, wet 
weather and developed their model to control for these factors. The explanatory variables were 
net evapotranspiration and binary dummy variables to indicate whether conservation was in 
effect. In addition, since the "demand" was defined as daily treated water, an explanatory 
variable was included to account for storage effects in the distribution system. No base or  



cyclical demand patterns were modeled. All variables were found to be statistically significant. 
Based on the model coefficients, the true overall conservation savings were estimated at 19.7 
percent, a substantial reduction, but well below the earlier estimate of 41 percent nonetheless. 

The City of Seattle, Washington recently completed a model of daily demand using a 
regression approach that includes as explanatory variables a lag one autoregressive term as well 
as several weather and calendar-related variables. The model was developed t o  assist in 
emergency planning as well as to assess conservation effects. The autoregressive term results 
from applying a Koyck transformation to the original model formulation which included only 
current and lagged values of temperature and precipitation variables. The Koyck transformation 
was made to avoid multicollinearity problems that commonly arise with lagged explanatory 
variables. In addition to the lag one daily demand variable, other explanatory variables are 
forecasted temperature measured as cooling degreedays, forecasted precipitation, binary dummy 
variables for day-of-week and monthly effects, and a binary dummy variable to account for 
conservation programs. Because the autoregressive term violates the assumptions of classical 
regression methods, a maximum likelihood procedure was used to estimate the model. A 
subsequent residuals analysis suggested that some serial correlation remained. With regard to  
estimated demand reductions due to a conservation program in effect July through October of 
1987, the coefficient of the dummy conservation variable was -4.1, although a t-test indicated it 
is not statistically different from 0. The dummy conservation variable coefficient provides an 
interesting way to  assess the conservation effect since it represents the average reduction in 
MGD that was achieved over the conservation period. Based on actual average demands during 
that period of some 200 MGD, a 4.1 MGD reduction would represent approximately a 2 
percent demand reduction. Thus, the conservation program achieved, at best, some 2 percent 
savings. 

MODEL DEVELOPMENT 

The premise of the model developed here is that daily average demand varies throughout 
the year due to three major factors: (1) relatively predictable, time-related trends and cycles, (2) 
random meteorological events, and (3) unpredictable random variation. The time-related trends 
and cycles account for long-term demand changes due, e.g., to population increases or  
decreases, seasonal changes that occur cyclically over the course of the year due to seasonal 
meteorological conditions and socioeconomic factors, and for daily variations that occur cyclically 
over a week due to  short-term socioeconomic patterns. Random meteorological events 
considered are the effects on demand of daily rainfall and daily maximum temperature. Other 
meteorological phenomena such as relative humidity and cloud cover are also determinants of 
demand but are not considered here. Finally, unpredictable random variations in demand 
represent the noise in the system, i.e. the cumulative effect of all omitted explanatory variables 
and simply the inherent random background demand variation. The goal of the model 
identification step is t o  reduce this noise component to "white" noise, i.e. constant variance and 
without serial correlation. 



Trend 

It is assumed that a long-term trend in demand may exist and that this trend is a linear 
function of time. Let the variable t denote time in days. The linear trend component of daily 
demand is then 

Seasonal Cycles 

Demand data averaged over a relatively long period (e.g., monthly) typically exhibit quite 
different mean values. For example, during winter months when little meteorologically 
influenced demand may occur in much of the country, monthly average demands are at a 
minimum or baseline level. As warmer weather occurs, monthly average demands will increase 
from this baseline level and peak during the hottest months. During the fall, monthly averages 
begin to decrease toward the winter baseline to repeat the cycle again the next year. 

It was desired to include this seasonal cycle in a manner that did not lead to abrupt 
changes in demand at arbitrarily selected seasonal averaging periods. For example, if a peaking 
factor or dummy variable were included to reflect a monthly effect, the demand could change 
abruptly at the beginning or  end of a month. To  avoid this problem, a low order polynomial 
function of time is used. Let to denote days since some reference time, say January 1. t - to is 
then the time difference from the beginning of the data record to the reference time and a 
third order polynomial representation of seasonal-average demand is 

Daily Cycles 

Daily demand variations, not including meteorological effects, may occur cyclically due to 
community-specific socioeconomic conditions. For example, a large industrial component of 
demand may cause weekend demands to be much lower than weekday demands. 0,1 indicator or 
"dummyw variables are used to capture these cyclical daily effects. Let the variable M, be a 
dummy variable for Monday, T, represents Tuesday and so on. That is M,=l if day t is Monday, 
else M,=O. To model R different factors using dummy variables, only R-1 dummies need be used 
since the last factor's effect is available by subtraction (Draper and Smith, 1%6). Thus, for 7 
days, only dummy variables for any 6 are necessary. Using 0,1 dummy variables to define the 
remaining 5 days, the daily cyclical component of demand is 

Temperature 

Temperature is a major determinant of seasonal irrigation water use principally due to  
increased evapotranspiration rates. Although daily evapotranspiration is related to average daily 
temperature, Steiner (1984) found that the actual daily water demand is more sensitive to 
maximum daily temperature, probably due to a psychological effect. It has also been suggested 
by various researchers that daily demand is not only a function of that day's temperatures, but 
also the recent history of temperature. 



Because the seasonal cycle effect on demand, developed above, includes long-term average 
temperature effects, the temperature variable used here is the difference in maximum daily 
temperature and long-term monthly average maximum temperature. Therefore, if the 
temperature on day t is at the monthly average maximum, the effect on demand is already 
accounted for in the seasonal cycle. If it is different from the long-term monthly average, there 
is an additional temperature effect introduced by this new variable. Furthermore, six lagged 
temperature variables are also used to account for departures from average conditions during 
the preceding week. 

Let DT, denote the difference in maximum temperature on day t and the long term 
monthly average maximum temperature. Temperature effects on demand including lagged 
variables are then 

Two problems arise with the use of lagged explanatory variables. The first is that many 
degrees-of-freedom are consumed (there are 7 temperature-related parameters to be estimated 
above). The second problem is that is lagged variables are likely to be highly correlated, a 
condition termed multicollinearity, which leads to large variances in the parameter estimates 
(Domokos et  al., 1976). Several methods have been proposed to deal with the lagged variable 
problem. The method used here is based on the Almon distributed lag model (Almon, 1966). 

The Almon model assumes that the parameters of the lagged variables (bog ..., b6 above) are 
described by a low order polynomial, say order 2. That is bo through b6 above are defined as 

bi = go + g,j + gd2 for j = 1, ..., 6 (Vll-5) 

The specific shape of the polynomial will be determined by the values of the new parameters, 
go, g,, and g,, which will be estimated by the regression. (Higher or lower order polynomials or 
a different functional form altogether could also be used.) Thus, from (VIM), the original 
parameters, bo through b,, can now be expressed in terms of the new parameters as 

Substituting (VII-6) into (VII-4) and rearranging yields a modified temperature model that 
takes into account all 7 original variables but now only 3 parameters, go, g,, and g2. The result 
is 



Rainfall 

As discussed above for temperature, the seasonal cycle component of demand will also 
include some long-term average rainfall effects. However, whereas the short-term temperature 
variable was defined as a departure from this long-term average, it is not felt that this approach 
is practical for rainfall. Rainfall is a highly random event and its daily departure from a 
long-term average is unlikely to have high explanatory power. 

Because rainfall is not treated here as a difference variable, it is necessary to define two 
types of rainfall-related variables. The first, DRY,, is the number of antecedent days prior to day 
t in which no rainfall above a threshold level fell. As suggested by Steiner (1984), a threshold 
level of 0.1 inches is used. This variable is used to increase demand above the seasonal-average 
level since demand tends to increase as the number of consecutive dry days accumulate. 

The second rainfall variable type is daily rainfall (in.) itself, R,. This variable tends to drive 
demand below the seasonal average since irrigation demand is lower during storm events. As 
was assumed for temperature, it is assumed that rainfall occurring up to 6 days earlier may have 
some influence on daily demand and the Almon distributed lag structure is again used to model 
this effect. The rainfall (or absence of) component of daily demand is then 

Complete hlodel 

Denoting average daily demand on day t as D, and bringing together the relationships 
developed above, the complete model for daily demand estimation is 

where E, is the random noise term. 

CASE STUDIES 

Camden, SC 

Introduction. Camden, SC is a small community located in the north central part of the State. 
With a population of approximately 10,000 and a significant industrial base, average annual 



water demand is around 2.2 MGD. Seasonal average demand variation is not significant during 
the year, probably due to the relatively large industrial component. Winter demand (December 
through February) averages around 2.1 MGD while average summer (June - September) 
demand is only slightly higher at 2.2 MGD. However, despite the fact that seasonal averages 
are relatively constant, peak daily demands of 3.0 MGD or higher occasionally do  occur in the 
summer during hot, dry weather. 

The community's sole source of water is Little Pine Tree Creek, an ungauged creek 
draining a mostly forested watershed of some 4,590 acres. The headwaters of Little Pine Tree 
Creek originate from a spring. Average flows have been estimated at approximately 8.5 MGD 
while flows during the driest period of record, the fall of 1940, have been estimated at 
approximately 2 MGD. The Camden water intake structure is located on Little Pine Tree just 
downstream from its confluence with a small tributary, Dyces Creek. The City's water supply 
reservoir, Lake Lloyd, is on Dyces Creek and has a surface area of some 15 acres and an 
estimated storage capacity of 35 MG. This storage represents approximately a 16 day supply 
under typical summer demands. Under normal conditions, Lake Lloyd is maintained at full 
elevation to  maximize reserves. Overflow from Lake Lloyd travels down Dyces Creek until it 
joins the unregulated flows in Little Pine Tree Creek. A low weir across Little Pine Tree Creek 
downstream of this confluence creates a small pool from which water is withdrawn and pumped 
for treatment and subsequent distribution. 

During the southeastern drought of 1986, the water supply situation in Camden was 
considered by officials of the South Carolina Water Resources Commission as the most critical 
in the State. During June of 1986, a prolonged period of hot, dry weather caused demands in 
Camden to rise well above the seasonal average, on some days reaching nearly 3.6 MGD. At 
the same time, the lack of rainfall resulted in slowly diminishing flows in Little Pine Tree and 
Dyces Creeks until, on June 19, spill from Lake Lloyd ceased and the reservoir began to drop. 
During the remainder of June and the first part of July the reservoir continued to decline. 

Despite the City's sole reliance on a relatively small supply with little storage, no serious 
supply problems had apparently occurred before 1986 and the City found itself at that time 
without drought management policies or a conservation ordinance. As the drought wore on, 
City staff became increasingly more concerned over declining reserves until, on July 4, the City 
Council made a request for voluntary conservation and began drafting a mandatory conservation 
plan. After the call for voluntary conservation the reservoir continued to decline, eventually 
dropping by July 11 to nearly two feet below the overflow, a level at which remaining supplies 
represented less than 10 days reserve at the current high demands. On July 14, an emergency 
conservation ordinance was passed and put into immediate effect. The ordinance outlined three 
drought alert phases, moderate, severe, and extreme, which were to be triggered by the Palmer 
Index, a measure of regional drought. Based on a Palmer Index of -4.04 in mid July, an extreme 
drought emergency was declared and a 60 day period of mandatory water conservation was 
called for with target reductions of 30 percent for residential users and 15 percent for 
non-residential users. The combined effect of the mandatory conservation program beginning in 
mid July and several significant rainfall events during August greatly relieved the situation so 



that the mandatory conservation program was allowed to expire after the 60 day period. Made 
aware of the fragility of their water supply by this experience, Camden is now investigating 
alternative sources of supply and is considering joining a county-wide water system. 

Model Identification. The general model described above was applied to daily water demand 
and weather data for Camden to estimate actual reductions in demand during the conservation 
period. The steps used to identify the model are described below. 

Data were obtained from the City for the period June 1, 1984 through August 31, 1986. 
Daily demand data are comprised of daily finished water production records from the water 
treatment plant. Distribution losses are ignored. In addition, water plant records included daily 
precipitation and minimum and maximum daily temperature. 

An initial modeling attempt used all available data, summer and winter. Contrary to 
expectations, the resulting model was not very responsive to summer rainfall (or lack of) or 
unusually high summer temperatures -- the very conditions in effect during the conservation 
period of interest. After some reflection, it was realized that inclusion of the winter data, which 
exhibit very little response to meteorology, had the effect of dampening summer responses. 
Essentially, demand patterns are fundamentally different during winter than summer in their 
response to meteorology and a single model for both seasons will try to strike a compromise 
position between the two seasons with the result that neither is well reproduced. Thus, since 
the period of interest was during the summer, only summer data (June through September) 
were used in subsequent identification efforts. In addition, data from the 1986 conservation 
period itself, July 4 through August 31, were not used for model identification. 

Partial F tests were used to eliminate statistically insignificant terms from the general model 
(VII-9). A backward elimination procedure was used where the complete general model was 
first estimated after which individual terms not significant at p=O.l were removed one-by-one in 
decreasing order of significance. A general linear model procedure (PROC GLM) from the 
Statistical Analysis System (SAS) (SAS Institute, Cay ,  NC) was used for this analysis. Several 
variables were found to be insignificant. Of the day-of-week indicator variables, only the Sunday 
variable was significant indicating that the day-of-week effect can be considered homogeneous 
Monday through Saturday, but different on Sunday. In addition, one Almon lag parameter for 
both the rainfall model and the temperature model was found insignificant. The parameters of 
the resulting parsimonious model were then estimated using ordinary least squares (OLS). 

An analysis was then performed on residuals from the OLS model. The objective of this 
analysis was to  assess whether the residuals represented purely random deviations (white noise) 
or whether the residuals had some inherent, non-random structure. If the residuals are white 
noise, then model identification can be considered complete since the only residual variation is 
non-predictable. Using SAS's ARIMA (auto regressive integrated moving average) procedure, 
the autocorrelation, partial autocorrelation, and inverse autocorrelation functions were 
constructed and examined. The autocorrelation function did not indicate white noise and the 
structure of the inverse and partial autocorrelation functions suggested that the residuals were 
positively autocorrelated at lag one. In addition, the Durbin-Watson statistic was computed to 
be 1.22, a value further suggesting autocorrelation. 
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The model was re-estimated with the inclusion of a lag one autoregressive error term using 
PROC AUTOREG from SAS. Maximum likelihood estimates were obtained for the structural 
parameters as well as the autoregressive parameter. Residuals from this model were re-examined 
and the autocorrelation, inverse and partial autocorrelation functions all indicated white noise. 

The Durbin-Watson statistic for the autoregressive model was 1.99, a value very close to the 
theoretical value of 2.0 for white noise. The resulting model is 

Results. Before showing the model's forecast for the conservation period, i t  is instructive to 
examine the explanatory power of the various terms as they are added one-by-one into the 
model. Figures VII-1 (a) through VII-1 ( f )  show model predictions versus observations for the 
period June 7, 1984 through September 30, 1984. This period was part of the data set used for 
identifying and estimating the model. Figure VII-1 (a) shows predictions using only linear trend 
as an explanatory variable while subsequent figures add terms incrementally. It can be clearly 
seen from the first three figures that use of only trend and cyclical effects leaves much to be 
desired when estimating daily summer demands. Only when temperature and rainfall variables 
are included Figures VII-1 (d) and Vn-1 (e)] do predictions begin to reproduce observations 
with any semblance of accuracy. Finally, addition of the autoregressive error term, shown in 
Figure VII-1 (0 ,  provides some improvement over the purely structural model, Figure VII-1 (e). 
Although the improvement over the structural model is marginal, it should be noted'that 
perhaps the greatest contribution of including an autoregressive error term lies in the fact that 
the model's parameters are then more accurately estimated than under OLS. (The parameters 
used in Figures VII-1 (a) through VTI-1 ( 0  are based on the autoregressive, maximum 
likelihood estimates, not OLS.) 

The predicted demand that would have occurred during the July 4 - August 31, 1986 
conservation period in the absence of conservation is shown in Figure Vn-2 along with actual 
demands during that period. Rainfall and temperature data for the period are shown in Figures 
W-3 and W4. As can be seen after July 4 (day 34), actual demands are indeed less than 
predicted demands clearly showing the overall effects of conservation. Only on a few days 
during the period does actual demand equal or exceed predicted demand. It is interesting to 
note that no precipitous demand decrease can be attributed to implementation of either 
vbluntary (day 34) or  mandatory (day 44) conservation. Several dramatic decreases in demand 
do occur during the period, but they are entirely coincident with large rainfall events, as can be 
seen from Figure VII-4. The cumulative actual demand for the period is 122.0 MG while the 
cumulative forecasted demand is 143.3 MG; thus, the effect of consentation was to reduce 
demand by an average of 14.9 percent. While this percentage reduction no doubt made a 
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s i w c a n t  contribution toward extending limited supplies, it nonetheless falls short of the overall 
15 - 30 percent reductions targeted by the conservation ordinance. 

Durham, North Carolina 

Introduction. The second case study is the estimation of conservation effectiveness for the City 
of Durham, NC, for a 7-week period during the 1986 drought Durham's water supply system 
and drought contingency plan is described in detail in Chapter IV and the interested reader is 
referred there. 

During the spring and early summer of 1986, Durham officials watched as levels in the city's 
sole (at that time) reservoir, Lake Michie, began to drop while demand simultaneously 
increased. Finally, on  July I, the mayor made a public request for additional voluntary 
conservation. (Stage I, "Continuing Voluntary Conservation" is always in effect.) Shortly after, 
on July 8, the situation had degraded seriously and Stage ID, "Moderate Mandatory 
Conservation," was enacted. On August 6, Lake Michie reached a low level more than 9 feet 
below the spillway, which corresponded to a 100day supply at the current demand of some 23 
MGD. Durham's water shortage risk analysis indicated more than a 20 percent chance of 
running out of water altogether, given this low level and current demands. Fortunately, 
Durham's troubles ended abruptly when, on August 20, more than 5 inches of rain fell and 
returned Lake Michie to full. The Stage I11 restrictions were rescinded on August 21. 

Model Identification. The general model was applied once again to daily water demand and 
weather data for Durham to estimate demand reductions during the 7/1/86 - 8120186 
conservation period. The steps used to identify the model are described below. 

Data were obtained from the City for the period January 1, 1985 through September 30, 
1987. Daily demand data consist of daily finished water production records from the water 
treatment plant, netted of sales to a neighboring community, Chapel Hill. Distribution losses are 
ignored. Weather data were obtained from a local hydrologic and meteorologic data base, HISARS 
(Hydrologic Information Storage and Retrieval System). Only data used during the months of June 
through September were used to identi@ the model. In addition, data from the conservation period 
itself were not used for identification purposes. 

Partial F tests were used to eliminate statistically insignificant terms from the general 
model. AU day-of-week dummy variables except Friday, Saturday, and Sunday were insignificant 
at p=0.1. For the temperature variables, the first two Almon parameters were significant while 
the third was n o t  For rainfall-related variables, interestingly, only the parameter for the number 
of antecedent dry days was found significant; all Almon lag parameters for rainfall itself were 
insignificant. The parameters of the resulting model were then identified using OLS. 

Residuals from the OLS model were determined and used to construct the autocorrelation, 
partial and inverse autocorrelation functions. As was the case for Camden, an examination of 
these functions suggested that the residuals were an autoregressive process. A significant 
correlation at lag one  was noticed with a lesser, but still significant, lag also at  lag three. The 
Durbin-Watson statistic for the OLS residuals was 1.21. The model was modified to include 
autoregressive error terms at lags one and three and reestimated using a maximum likelihood 
procedure. The autocorrelation functions from the autoregressive model's residuals all indicated 
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white noise. The new Durbin-Watson statistic was 1.95, very close to the white noise ideal of 
2.0. The resulting model is 

D, = 20.0 + 3.52E-0n + 8.00E-02(t-Q - 1 . 3 3 ~ - 0 3 ( 1 - ~ ~  + 
5.34~-06(t-b)~ - 1.17E-OIFR, - 3.04SA, - 2.70SUt + 
2.30E-02(DTt + DTtm1 + DTta + DTt3 + DTt4 + 
DTt4 + DTtd - 4.31 E-03(DTt-, + DTtm2 + 3DTt-3 + 
4DTt4 + 6DT& + 1.00E-01 DRY, + 3.98E-01 EGl + 1.05E-01 Eb3 (Vll42) 

Results. Figures VII-5 (a) through VIIJ ( f )  show the step-wise improvement in the model's 
predictive ability arising from the incremental addition of explanatory variables. The period used 
for illustration is that portion of the calibration data from the summer of 1985. There is a fairly 
dramatic day of week effect occurring Friday through Sunday which explains much more of the 
data than did the day of week model for Camden ( R ~  of 0.56 versus 0.25). Addition of the 
antecedent dry days variable also contributes sigolficantly to the model's performance with only 
a marginal contribution corning from subsequent addition of temperature variables and the 
autoregressive error terms. 
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Figure W-6 presents observed demand data versus model predictions for the summer of 1986 
including the conservation period of July 1 - August 20 (days 37-87). As can be seen, there is no 
discemable difference in the two and, indeed, the total actual demand for that period was 1,145 
MG while the total demand predicted by the model in the absence of conservation is 1,156 MG 
for an estimated conservation savings of only 11 MG, or 0.1 percent, over the 51 day period. 
Rainfall and differential temperature time plots for the same period are shown in Figures W-7 
and VII-8. Although it is not known that any claims of demand reductions were ascribed to the 
conservation program by Durham officials, the usual baselines would also have failed support any 
such claims. Total demands during the preceding 51 day period as well as the identical period a 
year earlier were both less than the conservation period total demand. In all likelihood, officials 
would have been reluctant to claim any demand reductions, a position quantified here by the  
model's estimates. 



CHAPTER VIII 

SUMMARY AND CONCLUSIONS 

Through the use of two mail surveys and a series of case studies this investigation has 
examined the extent, nature, and effectiveness of drought contingency planning in the United 
States. One of the surveys covered water supply utilities in the Southeast after the regional 
drought of 1986; the other was nationwide in scope and reflects experiences in the drought of 
1988. The case studies were selected to illustrate in more detail a variety of practices, including 
conventional and innovative approaches. 

These investigations have led to several conclusions, some of which have been stated in 
earlier chapters of this report. They are summarized here for the convenience of the reader. 

The first set of conclusions are those that were drawn from the mail surveys. They are: 

The extent of the drought in 1988 was widespread. One half of all utilities in the 
U.S. were affected by the drought of 1988 to the extent that they called on their 
customers for some kind of conservation. One third called for at least voluntary actions 
by their customers; 19 percent went to mandatory conservation. 

Effects of the drought fell almost equally on those utilities who use surface 
sources and those who use groundwater sources. Utilities that use surface sources 
were slightly less effected than those using groundwater sources, but the differences in 
percentages were small. 

Utilities were less well prepared for the drought than they should have been. Less 
than 60 percent of the utilities who were affected by the drought of 1988 had written 
drought policies in place prior to the drought. About one-half of those who were 
affected but did not have policies before 1988 wrote them during the drought. 

Utilities that were prepared had more effective conservation programs than those 
that were not. The percentage reductions in demand for utilities with policies was 43 
percent higher than that for utilities without policies. 

The use of decision support systems is limited. Despite the complex nature of 
drought management, the use of quantitative methods to support decision making during 
droughts is quite limited. Only 28 percent of utilities in the 1988 survey had methods of 
this kind. Even among those who had drought contingency plans, only 39 percent 
reported the use of quantitative methods to aid in making decisions about 
implementation of their plans. 

There is a high degree of satisfaction among utility mangers with the decisions 
that they made in 1988. Even without complete coverage by drought contingency plans 
and decision support systems, there was a high degree of confidence among reporting 
utilities that they made appropriate decisions in 1988. Overall, 82 percent reported that 



they made the right decisions. Among those who called for voluntary conservation only, 
the level of satisfaction was 86 percent as might be expected. If they had needed more 
stringent action, they could have called for it. Among those who went to  mandatory 
actions, the level of satisfaction dropped to 76 percent. Most of those who were not 
satisfied stated that they should have gone to mandatory actions earlier. Very few stated 
that they overreacted by calling for measures that were more stringent than necessary. 

7. Decision support systems increased the degree of satisfaction among water 
managers with their decisions, especially among that group that was the hardest 
hit by the drought. Decision support systems did add to the level of satisfaction among 
water managers with their decisions in 1988, but given the high degree of satisfaction 
among all managers, it is not surprising that the use of decision support systems 
contributed only marginal improvements among the whole group. Among those who went 
to mandatory conservation, however, the level of satisfaction increased from 72 percent 
without support to 85 percent with support. 

The conclusions stated above follow directly from an analysis of responses to the survey. 
Significant findings have also been drawn from the case studies, although they may be of 
less general applicability than those extracted from the nationwide survey. Among the 
most important of them are: 

8. Although they vary considerably in detail from one utility to another, drought 
contingency plans generally follow similar forms throughout the country. All of 
the drought contingency plans examined in this report follow the same general structure, 
namely a sequence of increasingly stringent steps to augment supplies or reduce 
demands. Within these structures there is wide variation in the number of steps in the 
sequence, the kinds of triggering indexes (if any), and expected responses to each step. 

9. Only a small number of utilities have established explicit, unambiguous criteria 
for the development and implementation of drought contingency policies. 
Although just under 60 percent of the utilities had written drought contingency policies 
prior to 1988, a large fraction of those policies are lacking explicit criteria that led to 
their development. Those few who were found to use explicit criteria had supplies that 
were either in excess of current demand or supplemental sources were available nearby. 
Specifications about when policies should be implemented are also lacking. Most policies 
identify what steps are to be taken, but criteria to be considered in deciding when to 
implement the steps is frequently stated in such general terms as to be non-operational. 

10. Several utilities accepted higher than normal risks implicitly by selecting 
policing from among alternatives with different levels of risk. In several cases 
examined in this study, acceptable risks were implied by the choice of a preferred policy 
from among several that were evaluated in either a formal or an informal multiple 
objective evaluation process. In several instances, high costs, political considerations, and 
environmental implications of expanding supplies led to the acceptance of risk that were 
higher than the utilities would have preferred othenvise. 



11. The most frequently cited basis for development of drought contingency plans is 
protection against the worst drought of record. Few of the utilities considered the 
possibility that the worst drought of record may not be as severe as one that could be 
could be expected to occur with a reasonable probability. 

Finally, there is a significant conclusion to be drawn from the investigation of methods 
for estimating the effects of conservation. It is: 

Without the use of models to estimate water use in the absence of conservation, 
it is difficult to obtain reliable estimates of the effects of conservation. Simple 
methods tend to produce very misleading results. A number of drought policies 
state specific targets to be achieved by demand reduction programs, but only a few 
utilities have reliable models for estimating the effects of conservation measures when 
they are implemented. To be reliable those models must account for trends, seasonal 
effects, day-of-week effects, and the effects of temperature and rainfall. Simple methods 
that are based on a comparison of pre-conservation rates of use with those during 
conservation during the same season tend to produce erroneous estimates of the effects 
of conservation. 
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