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Water Sources

Dynamic reservoir operations help optimize water quantity and quality, 
flood management, and environmental responsibilities of water utilities.  
BY MEGAN RIVERA, STEVEN NEBIKER, AND BEN WRIGHT

S WATER SUPPLIERS face increasing  

climate variability, standard safety margins 

have become insufficient. Although it’s 

increasingly difficult to add new water sup-

plies, existing infrastructure often provides substan-

tial benefits that can help utilities address this safety 

margin. Revisiting reservoir operations is an impor-

tant step in unlocking this potential.

Reservoirs are created to buffer hydrologic vari-

ability and increase supply reliability. For a reser-

voir serving as a single-supply source, the operating 

rule that maximizes yield is to take water only as 

needed. For two reservoirs in series (one upstream 

of another), utilities maximize yield by drawing water 

as needed from the lower reservoir until it’s empty 

and only then release water from the upstream res-

ervoir. This rule minimizes the likelihood that water 

will spill from the downstream reservoir before the 

upstream reservoir is full and will maximize total 

storage of the two reservoirs at all times. For two res-

ervoirs in parallel (i.e., not connected hydraulically), 

withdrawing water from both reservoirs to minimize 

the likelihood of spill from either maximizes total 

storage at all times.

In reality, there are few single-purpose water sup-

ply reservoirs, so maximizing total storage must be 

balanced with water quality and other benefits such 

as flood control, irrigation, recreation, hydropower 

generation, and fisheries support. For example, con-

sider a system with two reservoirs in series. The 

many benefits of the downstream reservoir are com-

promised as its storage is drained. Therefore, one 

may decide to decrease each reservoir’s  water level 

to balance the recreational impact between the two 

under normal conditions and conserve water in the 

upstream reservoir under drought conditions.

DYNAMIC RESERVOIR OPERATIONS SUPPORT

SUSTAINABLE
 WATER MANAGEMENT
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Increasing competition for water and potential shifts in water availability  
because of climate change make it challenging to maintain reliable supplies. 
A promising way to address these challenges is through dynamic reservoir 
operations—operating rules that change based on storage levels, current 
inflow, forecasted conditions, and other variables. Dynamic operations 
result in a more robust operational framework, providing utilities with more 
information to help them meet their objectives under varying conditions.
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DYNAMIC RESERVOIR OPERATIONS
A dynamic reservoir operation (DRO) 
approach is based on the state of the sys-
tem and forecasted conditions. Operating 
rules fall somewhere along a static–dynamic 
continuum. A static rule would consider safe 
yield or days of supply remaining; system 
operations remain unchanged if demand is 
less than the safe yield or if remaining sup-
plies exceed a certain threshold. An annually 
repeating seasonal rule curve is dynamic in 
the sense that it varies with day of the year, 
but it’s less dynamic than rules that vary 
based on factors such as recent inflows.

Operating objectives often are more suc-
cessfully achieved using dynamic operating 
rules because such rules are more flexible 
and capitalize on more information than 
static rules. Figure 1 shows a few examples 
of the kinds of information DRO uses.

The rules and procedures determining 
releases and withdrawals can take many 
different forms and can be applied alone 
or with other rules. The following are some 
examples of rule forms:

 ■ Rule curves (target reservoir stage for 
each day of the calendar year);

 ■ Logical “if … then … else” rules, where 

the if statement includes one or more 
variables (e.g., if fish begin to spawn 
in the reservoir, then maintain reser-
voir elevation within 6 inches for the 
duration of the spawn);

 ■ Trade-off rules for multireservoir or 
multisource systems (e.g., maintain 
the ratio of available storage to annual 
inflow approximately equal for each 
reservoir); and

 ■ Exceptions that allow for rules to be 
overridden as needed to maintain over-
all system objectives during extreme 
events.

CONSTRUCTING RESERVOIR OPERATING 
RULES
Reservoirs are like bank accounts, but they 
hold water instead of money. It’s better for 
them to hold more water rather than less, 
except for purposes like flood control. If a 
withdrawal is to be made, there should be 
a benefit associated with it that exceeds 
the benefit of keeping water in the lake. 
The following four steps appropriately 
balance short- and long-term benefits:

Step 1. Identify Long-Term Management 
Objectives. The first and most important  

step in figuring out how to manage a 
reservoir (or a water resources system 
in general) is to determine operating 
objectives. Without a clear set of objec-
tives, it’s impossible to tell which man-
agement strategy is better. It’s usually 
abundantly clear to water supply oper-
ators that they must achieve hydrologic 
reliability, instream and delivered water 
quality, and cost-minimization objectives. 
Because water is a public resource, there 
are almost always other objectives related 
to environment, flood control, hydro-
power, and other water uses and users.

Step 2. Create Performance Measures. 
Each management objective will have 
one or more performance measures 
(PMs) that allow water managers and 
other stakeholders to rapidly and con-
cisely compare the merits of alternative 
operating strategies.

Figure 2 shows example PMs used to 
assess two different operational alterna-
tives designed to respond to an extremely 
dry climate-adjusted hydrology scenario. 
Figure 2a shows that under Alternative 
1, the reservoirs are emptied in simu-
lated year 1977, whereas Alternative 2 
maintains more than 20 percent of the 
usable storage. The trade-off, however, 
can be seen from Figure 2b in the num-
ber of years with water use restrictions 
enacted, which is higher in Alternative 2 
than in Alternative 1. These performance 
measures illustrate the changes in one 
or more objectives that occur under the 
tested operations.

Step 3. Develop Rule Forms. Reservoir 
rules are operation guides. The purpose 
of the rules is to improve a water sys-
tem’s performance in terms of one or 
more of the operating objectives, and dif-
ferent forms are more suitable for some 
objectives than for others. For example, 
in the Kansas River Basin, releases from 
storage for water supply and stream-
flow augmentation are tracked in sep-
arate accounts, and different drought 
measures are enacted as each account 
is depleted. 

▶ Snowpack

▶ Groundwater level

▶ Inows

▶ Antecedent conditions (e.g., �rst, 
second, or third year of drought)

▶ Forecasts—long and short term 
(hydrology, meteorology, demand, 
economic, etc.)

▶ Time of year
▶ Climatic 

conditions 
(e.g., El Niño)

▶ Current reservoir 
storage

▶ Water quality 
conditions

▶ Demand level
▶ Water treatment and 

pumping costs

▶ Electricity prices/demand
▶ Water quality conditions
▶ Environmental conditions
▶ Fish spawning
▶ Instream ow requirements
▶ Water temperature

Figure 1. DRO Information 
A variety of information is used to meet a utility’s DRO objectives.
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Once objectives are identified and 
performance measures are assembled, 
elements of effective dynamic operat-
ing rule forms often follow directly from 
the measures themselves. For example, 
if implementing water restrictions two 
years in a row is particularly undesir-
able and if the PM counts the number of 
times water restrictions are implemented 
in consecutive years, the form of an 
operating rule should be conditioned on 
whether water restrictions were imple-
mented during the previous year. Per-
haps a more expensive or otherwise less 
desirable water supply source would be 
used differently, a lower stage in a res-
ervoir would be tolerated, or a different 
trade-off would be made with another 
objective in the second year to avoid or 
postpone water restrictions.

In addition to PMs, it can be helpful to 
review rules implemented in other basins. 
Rule details will be basin-specific; how-
ever, as shown in Figure 3, the form of 
the rules may be helpful.

Step 4. Select Rule Form and Parame-
ters by Comparing Alternatives Using PM 
Displays. To select rule forms and param-
eters that perform well requires a simu-
lation tool (or suite of tools) to compare 
alternative scenarios. The simulation can 
be set up to run historical or synthetic 

hydrology as well as current or future 
values of independent variables such as 
water demand, available reservoir stor-
age capacity, etc. The simulation output 
is displayed in the PMs to evaluate each 
rule-form and parameter-set combination 
relative to each objective.

When selecting a simulation tool, the pri-
mary consideration is whether it can pro-
duce the information needed to evaluate 
all of the PMs. It may be necessary to post-
process the output or create an acceptable 
PM surrogate. The tool must also be able to 
simulate the forms of rules under consider-
ation. Run time is also important so many 
alternatives can be explored in a reasonable 
amount of time. Additional considerations 
include cost, ease of use, and transparency. 
The trade-offs will be case specific; a more 
complex, detailed model isn’t necessarily 
better.

DRO GUIDE
In 2014, the Water Research Foundation 
(WRF) created a guide to developing res-
ervoir operations using the four steps 
mentioned previously. The guide, available 
online at www.waterrf.org/Pages/Projects.
aspx?PID=4306, provides example rule 
forms with guidance on tailoring them for 
a large number of management objectives. 
Each section also provides actual operating  

rules that illustrate the rule forms, includ-
ing the example shown in Figure 3.

The guide is part of a larger WRF 
report that includes an in-depth descrip-
tion of operations for six utilities as well 
as analyses examining the great poten-
tial for DRO in climate change adaptation. 
DRO can be implemented more quickly 
and flexibly than capital improvements, 
enabling systems to be adjusted incre-
mentally to respond to changes in climate 
variability.

A comprehensive analysis of rules 
and potential climate variability can also 

Figure 2. Example PMs
Two different operational alternatives were designed to respond to an extremely dry-climate-adjusted hydrology scenario.  
The alternatives demonstrate typical tradeoffs that occur when trying to meet objectives.
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Figure 3. Rule Form Example
Rule forms can be tailored to address a 
variety of management objectives.

Example: Demand Management 
for Hydrologic Reliability

Objective: Hydrologic Reliability
Objective Description: Implement conservation 
measures when unacceptably low reservoir storage 
is likely to occur in the near to 
mid-term future
Rule Form(s): Demand Management, 
Forecast-based
Rule Descriptiion: If there is a 20% chance of the 
reservoir dropping below 2,572 feet in the next  
10 weeks, then call for voluntary conservation.
Performance Measures: Frequency, duration, 
and magnitude of conservation measure 
implementation; reservoir storage
Utility/Water Provider: City of Asheville, N.C.

Source: Dynamic Reservoir Operations: Managing for Climate Variability and Change, 
2014, Water Research Foundation

Although uncertainty of drought can never be completely 
removed, forecasts greatly increase operator confidence in 
dealing with drought and increasing hydrologic variability.
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reveal the extent to which DRO alone 
can maintain acceptable system perfor-
mance under challenging conditions, at 
which point additional capital projects 
or major new infrastructure improve-
ments will be required. Overall, DRO can 
be considered a “no regrets” adaptation 

option because the rules can provide 
benefits across a wide range of future 
climate conditions. 

DYNAMIC RULES IN ACTION
As foreseen in the June 2010 Opflow arti-
cle Drought Management: Probability-Based 

Operating Rules Improve Water Supply 
Management (see www.awwa.org/publica-
tions/opflow/abstract/articleid/24523.aspx), 
the type of rule form shown in Figure 3 is 
increasingly being used by water suppli-
ers to manage risk. This rule form defines 
drought triggers that are probability-based 
and tied to forecasts of inflow, demand, and 
other variables that affect water supply stor-
age. So, rather than waiting until a reser-
voir level is reached, action is taken when 
the probability of reaching that elevation at 
some time in the future is above a certain 
threshold. The probability or risk threshold 
is determined from computer model simula-
tions over a typical long-term inflow record. 
Trial and error is needed to ensure the trig-
gers detect the droughts in time but don’t 
get activated more often than is acceptable. 
Figure 4 shows how such an approach is 
implemented. 

Even if an actionable trigger hasn’t been 
developed, the use of forecasts can still 
prove invaluable, as evidenced last year in 
the Northeast. The predictions shown in 
Figure 5 helped a utility determine when 
facilities could be taken offline for rehabili-
tation without compromising water supply 
reliability.  Another utility has supplemented 
more traditional, but less dynamic, reser-
voir rule curves to optimize the timing of 
backup supplies, lowering pumping costs 
in 2015 alone by an estimated $100,000, or 
15 percent.

The use of forecasts is central to a cam-
paign for more sustainable water man-
agement called Taking the Doubt Out of 
Drought. Although uncertainty of drought 
can never be completely removed, forecasts 
greatly increase operator confidence in 
dealing with drought and increasing hydro-
logic variability, which in turn leads to more 
efficient use of system resources.  
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Figure 4. Drought Plan Implementation 
Asheville, N.C., runs a forecast to determine if its first drought trigger should be activated.  
On this forecast date, drought action wouldn’t be needed because there’s less than a 20 percent 
chance of dropping below 2,572 feet in the next 10 weeks (see parameters from Figure 3).  

Figure 5. Water Supply Forecasting
Based on a simulation of a Northeast utility’s system for each year in the inflow record, adjusted 
for starting conditions in this September 2015 forecast, the figure shows the range of potential 
storage levels during the next six months. The median outcome avoids drought restrictions 
during this time, whereas the minimum outcome would entail activating all drought stages.
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