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Climate uncertainty in California creates a need  
for adaptive reservoir control policies

Control policies using uncertain forecasts better 
manage both water supply and flood risk
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Further Reading

Policy tree optimization: mapping observed and 
forecasted hydrologic variables to actions

Synthetic ensembles of streamflow forecasts 
developed to represent realistic uncertainty
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Short-term forecasts can be used to define 
decision thresholds for flood control

Figure 3. Flood control operations at California’s largest reservoirs have historically been 
based on rule curves specifying fixed storage volumes throughout the winter, regardless of 
precipitation forecasts. An opportunity exists to maintain high storage levels until a storm 
is forecast, which will increase water supply. The accuracy of extended-range (1-14 day) 
holds promise in regions with synoptic-scale storms, rather than flash convective events. 

Figure 4. An example control policy as a
binary tree, where operating decisions are
based on thresholds of observed hydrologic
variables (in this case, a 3-day forecast of
storage volume). Importantly, the flood
control release action includes groundwater
recharge for any releases exceeding the
demand, with a specified maximum
infiltration rate. The goal of this study is
to design tree-based control policies that
can safely replace fixed flood control rules.

Figure 5. An archive of state-of-the-
art reforecast ensembles was
recently made available through the
World Climate Research Programme
initiative on subseasonal-to-seasonal
(S2S) prediction. Here we focus on
the ECMWF model with daily
reforecasts over the period 1999-
2010. Precipitation and temperature
forecast residuals are used to build a
synthetic ensemble of forecasts with
realistic uncertainty structure. The
figures show the relationship
between observed precipitation and
forecast residuals for a 3-day lead
time in the American River basin.

Indicators

Figure 8. First, convergence properties of the optimization are analyzed to ensure that a
sufficient number of iterations (function evaluations) were performed. Ten random trials
were performed for each experiment, up to a total of 100,000 NFE each. The best
objective function value is minimized and appears to be stable after roughly 10,000 NFE,
although some of the trials converge to a local rather than global optimum.

1

2

3

4

5
Figure 1. Location of 
Folsom Reservoir and the 
American River basin in 
Northern California. The 
reservoir capacity is 975 
thousand acre-feet (TAF), 
and the mean annual 
inflow is 2.7 million acre-

Figure 2. Summary statistics describing changes to Folsom reservoir inflow magnitude and
timing under an ensemble of CMIP5 projections from the U.S. Bureau of Reclamation
(2014). The 50-year moving average of annual inflow shows a large variance in end-of-
century projections. The estimate of the 100-year flood using the Log-Pearson Type III
(LP3) distribution shows increasing flood risk. Inflow timing is also shifting earlier in the year
as more precipitation falls as rain instead of snow, a trend already observed in the record.

feet (MAF). Historical reservoir data, 
including daily inflow, outflow, and 
storage, are taken from the California 
Data Exchange Center (CDEC).

Figure 6. (below) Hydrologic model
calibration on a daily timestep, using
SAC-SMA with SNOW-17.

Figure 7. Example simulation with an
optimized policy tree from Figure 4, with
groundwater infiltration capacity of 0.5
TAF/day and true forecast uncertainty
based on ensemble resampling. Background
colors refer to the actions in Figure 4. This
control policy responds to flood forecasts
and refills when the event ends.

Figure 9. (right) The best
objective function value for each
experiment after 100,000 NFE.
These results show diminishing
returns to groundwater recharge
capacity above roughly 0.5
TAF/day. Also, switching from
rule curve-based flood control to
forecast-based flood control with
realistic uncertainty provides
similar benefits to a groundwater
recharge capacity of 0.5 TAF/d.
Even with uncertainty included, it
nearly matches the performance
using perfect 3-day forecasts.

Figure 10. (below) Optimized control policies for selected experiments: groundwater
capacity of 0.1 TAF/d and 2.0 TAF/d for the three cases of forecast use. In general, actual
forecasts show more conservative flood control thresholds than policies using perfect
forecasts. Higher groundwater recharge capacity (d-f) allows the policy to perform flood
control releases and hedge surface water deliveries more often, replacing the difference with
groundwater. S1 and S3 refer to 1-day and 3-day storage forecasts, respectively.

Actions

Objective
Function

Ongoing Work. The policies designed for each case strongly depend on the historical
hydrology to which they are optimized. The forecast ensemble mitigates this overfitting
somewhat, but an opportunity remains for a formal cross-validation procedure in which
policies designed for one inflow timeseries (or an ensemble thereof) are tested in scenarios
different from those in which they were optimized. Overfitting to flood events is of
particular concern. Additional work will consider whether the forecasted presence of a storm
within a defined distance of the basin (i.e., a binary indicator) would be sufficient to
improve water management operations without a quantitative inflow forecast.
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