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ABSTRACT
This case study evaluates the potential benefits of variable index rule curves that incorporate current
precipitation and snowpack into the operation of Folsom Reservoir in the American River watershed.
Over 100 synthetic flood hydrographs generated from seven historical flood events are used to assess
each rule curve’s flood management performance. Water supply performance is also evaluated over 53
water years in the period of record. Trade-offs between flood control and water supply are analyzed
using the probability of exceeding downstream channel capacity, and the probability of refill.
Two types of variable rule curves are presented. The first type of alternative rule curve used a
precipitation-based index (Type P curves), and the second type used a precipitation index and a
snowpack index (Type S curves). In total, 91 Type P curves and 55 Type S curves were evaluated to
determine the effects of varying the index range, flood pool size range, and reservoir refill start and end
dates.
In general, Type P curves were found to improve water supply benefits while maintaining or reducing
flood risk. Type P curves with lower precipitation index ranges performed better for flood management
while those with higher ranges performed better for water supply. Larger flood pool sizes functioned
best in balancing water supply and flood management performance. Adjusting the precipitation index
during the refill period using normalized snowpack data to produce Type S curves generated small but
noticeable improvements in refill.
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As an overview, the presentation will start with the study purpose and background,
including presenting some of Folsom’s historical rule curves to see how they’ve
changed over the years. It will also include data and methods used in the study,
and results and conclusions, as well as some thoughts for further study.
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Construction is currently underway for a new auxiliary spillway at Folsom Dam,
which greatly increases the release capacity of the reservoir allowing more
flexibility in managing flood flows. One of the reasons for this study was that the
Corps is revisiting the flood operations on Folsom reservoir because of the new
spillway. This study uses the new spillway configuration.
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Currently Folsom Reservoir has release capacity of about 30,000 cfs until the
reservoir reaches the spillway elevation. When the spillway elevation is reached,
the flood pool is about 30% full. The downstream channel capacity of
approximately 115,000 cfs cannot be fully used until approximately half the flood
storage space has been filled. The new spillway has a crest elevation that is 50 feet
lower than the existing spillway, allowing larger releases earlier in the flood.
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This study focuses specifically on development and comparison of alternative variable rule
curves that incorporate current basin wetness captured by precipitation and snowpack.
The purpose of the study was to demonstrate an approach to sizing a reservoir flood pool
in response to basin wetness indices by exploring whether a basin‐wetness index based
rule curve can improve flood protection without increasing risk to water supply.

Note that this study focus was on incorporating actual current watershed conditions
rather than forecasted precipitation or snowpack
snowpack. However
However, adaptive reservoir
operations can be carried one step further by making advanced releases in
response to short‐term 3‐day or 5‐day weather forecasts, and this is identified as a
potential follow‐up for this study.
To be clear on the terminology: a rule curve represents the storage target for the reservoir,
this operating criteria may change seasonally to provide a balance between flood control
and water supply.
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This slide shows a conceptual variable rule curve. The vertical axis is the available
flood space in the reservoir and the horizontal axis is the date, or time of year.
During the winter months the rule curve or target storage of the reservoir is at a
lower elevation in order to create a flood pool. Since this is a variable rule curve,
the target storage on a particular date is allowed to vary based on the wetness in
the basin. The reservoir refill start date and end date can also be allowed to vary
based on the wetness value.
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The original 1956 flood control rule curve for Folsom Dam called for a flood space of 200‐
400 thousand acre‐feet (TAF) based on precipitation and floods in the basin over the
preceding 60 days. Drawdown was initiated on October 1 and completed by November 1.
Refill was initiated on April 1, and the required flood pool was decreased at a constant rate
of 180 TAF per month.
For example, if the reservoir had been drawn down during the flood season to a maximum
storage level of 340 TAF (parameter value = 15) based on antecedent precipitation in the
watershed, the rule curve allowed refill to begin on April 1 and to proceed at a constant
rate until the reservoir was full by June 1, if runoff was sufficient.

7

In 1977, the USACE updated the Folsom flood control rule curve to increase flood space to
a fixed 400 TAF during the flood season, beginning drawdown on October 1 and completing
drawdown by November 15. The new rule curve allowed spring refill to begin as early as
January 1, based on an antecedent precipitation parameter, with the initial refill rate
between January 1 and March 20 depending on the value of the parameter.
For example, in a dry year, if the parameter had a value of 8 or less, refill was allowed at a
rate of 80 TAF per month until March 20.
20 In a wetter year,
year if the parameter had a value of
14, refill was initiated at a slower rate of 20 TAF per month until March 20. After March 20,
regardless of precipitation conditions during the flood season, refill was allowed at a
constant rate of 160 TAF per month to the end of the refill period. This rule curve resulted
in refill being completed sometime between May 1 and June 7, depending on the amount
of precipitation during the flood season.
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The record flood of February 1986 emphasized the need for maximum flood space later in
the season, and a new, more conservative rule curve was developed to extend the time
during which the flood pool was maintained at the full 400 TAF drawdown. Instead of refill
beginning as early as January 1, a more conservative refill date of February 15 was selected.
The initial refill rate still ranged up to 80 TAF per month based on the antecedent
precipitation parameter, but depending on this parameter value, the initial refill rate could
extend as late as April 20 before transitioning to the higher rate of 160 TAF per month.
Regardless of parameter value,
value the refill period concluded by June 1.
1
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In 1994, the Bureau of Reclamation agreed to adopt a new Folsom rule curve developed by
the Sacramento Area Flood Control Agency (SAFCA), which increased maximum flood
control space up to 670 TAF based on available storage space in three upstream reservoirs.
The drawdown period for Folsom Reservoir was lengthened to two full months (October 1
to December 1), with refill initiated on March 1, regardless of the depth of flood pool
during the flood season. Refill proceeds at a constant rate, with all curves targeting flood
pool storage of 225 TAF on April 22. Thereafter, refill proceeds at a rate of approximately
175 TAF per month until the refill period ends on June 1.
1
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A basic concept in developing the historic rule curves has been that, as watershed conditions
change, a fixed flood pool does not necessarily provide the same level of flood protection. A
certain sized storm event falling on a dry basin will produce less runoff than if the same event fell
on a saturated basin.
The first three historic rule curves took this into account directly by varying the flood pool size
based on 60‐day antecedent basin precipitation. The current rule curve takes this into account by
factoring upstream storage into sizing of the flood pool.
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provided when large floods are more likely to occur. This allows improvement in flood protection
while also minimizing the impact to water supply during dry years (the flood pool can be kept
smaller to maintain or improve the probability of refilling).
With the new auxiliary spillway and greater release capacity at Folsom Dam, this study takes a fresh
look at incorporating basin wetness directly into a dynamic rule curve.
Potential negative impacts of a variable rule curve could occur if a storm occurred early in the wet
season, which saturated the basin and called for a deep flood pool, but if the rest of the season is
dry then you run the risk of the reservoir not refilling.
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The basin wetness index was developed using the formula shown here. The current
index is equal to 97% of the preceding day’s index plus today’s precipitation.
The precipitation data used for the index is based on records from Georgetown,
Blue Canyon and Pacific House. These gages were selected because they had the
most complete record over the period of record, which is from Water Year 1955
through 2008, and because they correlated well to floods that happened during the
period of record. While this provides a good illustrative example, moving forward, a
future index could include additional precipitation gages, and a more in‐depth study
could be done to confirm which gages are the best predictors of reservoir inflow to
make sure that those are included in the index.
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The second type of wetness index that was created is a combined precipitation and
snow index. Snow water content was estimated from 10 snow courses in the basin,
and incorporated into the basin wetness index from March through June. The goal
of this was to see if incorporating snowpack into the index could improve refill
during drier years.
If snowpack was below normal, the rule curve was shifted higher to represent a
drier basin (smaller flood pool).
If snowpack was equal to or above normal, the rule curve was not adjusted since
snowmelt‐driver floods are not generally a concern in this basin.
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When developing alternative rule curves, a variety of rule curve characteristics were
considered including a range of flood pool sizes, different ranges of wetness index
values, and various reservoir refill periods (starting and ending dates). The goal was
to understand the sensitivity of rule curve performance, in terms of flood frequency
and probability of refill, to changes in these rule curve parameters.

14

This is an example of one of the variable rule curves. This one has a flood pool size
range of 400‐600 TAF, and a wetness index range of 8 to 24. When the basin
wetness index is at or below 8, the reservoir has a 400,000 AF flood pool; when the
wetness index is at or above 24, it has a 600,000 AF flood pool.
Two separate refill variations are also shown. The black line shows a fixed start and
end date for all wetness index values, while the dashed lines shows refill with
variable end dates based on the wetness index value.
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This slide shows the example rule curve from the previous slide in action during
three consecutive water years. The top graph shows the precipitation index and the
bottom graph shows the reservoir rule curve and simulated pool elevation
responding to the changes in basin wetness. The dashed lines across the top of the
precipitation index graph represent the range of wetness values used in the index.
Focusing on the bottom dashed line, we can see that when the wetness reaches a
value of 8, the reservoir rule curve starts to drawdown to provide a deeper flood
pool. Once the wetness index exceeds 24, the reservoir has reached its deepest
flood pool, in this case, as shown of the previous slide, a flood pool of 600 TAF. For
these three water years, the reservoir reaches its deepest flood pool only once in
December 1996.
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The rule curves were evaluated by coding them into a HEC‐ResSim model of Folsom
reservoir. Several metrics were used to evaluate each rule curve. The frequency of
reservoir refill in the spring is used as a measure for water supply performance. The
frequency was estimated by running a period of record simulation in HEC‐ResSim
from WY1955‐WY2008 and evaluating how often the reservoir refilled. The flood
control performance of the rule curves was evaluated based on how frequently the
reservoir releases exceeded channel capacity during 100 synthetic flood events.
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The synthetic flood events used to evaluated flood control performance were
creating using the shape of seven historical flood events. A total of 5,000 synthetic
flood events were randomly created and the 100 largest events were used in the
study, resulting in a range of return periods from 50 to 5,000 years. (Estimating a
5,000‐year event is a challenging problem, and additional information on how it
was done for this study can be provided to anyone who is interested.)
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This shows the results of the period of record simulation used to evaluate water supply.
The graph shows the probability of the reservoir refilling in the spring months. The
reservoir is considered refilled if it reaches the top of the Conservation Pool shown at the
top of the graph. The vertical axis corresponds to the peak reservoir elevation reached
between March 1 and October 1, while the horizontal axis corresponds to the percent
chance of each rule curve exceeding the indicated elevation.
For example, the No Flood Pool line (where the reservoir doesn’t maintain a flood pool in
the winter) at the upper bound, reaches the top of the Conservation Pool about 62% of the
time, meaning that the reservoir doesn’t refill 38% of the time. It’s important to remember
that this is a period of record simulation with current water supply and downstream
release demands, and doesn’t necessarily reflect historical conditions. The No Flood Pool
line and the All Flood Pool line (where the rule curve empties the reservoir each flood
season and refills in the spring), bound the variable rule curve results, with most of the rule
curves clustering close to the No Flood Pool option. At the top of the graph, the probability
the reservoir reaching the top of conservation for the variable rule curves spans the full
range from the No Flood Pool to the All Flood Pool Option.
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This graph captures the flood control efficiency of the reservoir. It shows the probability of
outflow exceeding 115,000 cfs and 160,000 cfs. The vertical axis corresponds to the peak
reservoir outflow for the 100 synthetic events used to evaluate flood protection. The
horizontal axis corresponds to the percent chance of exceeding the indicated outflow.
Notice that the percent chance of exceeding the indicated outflow only goes from 0 to 2%,
since the synthetic events have a return period of 50 to 5,000 yrs. Notice also that the
releases plateau at 115,000 cfs and 160,000 cfs as the reservoir tries to limit outflow to
channel capacity
capacity. It
It’ss only for the very large events that the reservoir starts to exceed
channel capacity.
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Combining the results of the previous two slides, this graphs presents the trade‐offs
between flood control and water supply. The vertical axis shows the percent of years that
refill while the horizontal axis shows the probability of outflow exceeding 160,000 cfs.
Ideally, the best curve to pick would plot in the upper right corner, a curve that has a high
probability of refill and a low probability of outflow greater than 160,000 cfs. So the rule
curves circled would be the curves you would want to pursue for further analysis.
Most of the variable rule curves do better than the 400 TAF fixed rule curve.
curve
Diamond points = variable rule curves
Triangle points = fixed rule curves (400 TAF, etc)
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