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Figure D-32. A forecast—lead-time illustration of the GEFS and EPS P.s, (shaded
according to scale) for verification times every 12 hours during WY17, WY18, WY19, and
WY20 at 339N, 117.50W as labeled. ..o 105

Figure D-33. Forecast lead time change in the P,s forecast values (i.e., “dProg/dt”)
rior to verification times with IVT ma nitudes 2 0 m™ s for the GEFS (red) and
EPS (blue) for forecasts verifying every 12 hours at 33°N, 117.5°W. The solid line
represents the mean while the dashed lines represent the 95th confidence level
generated through 1000 random samples of 25-member populations of forecasts................. 106

Figure D-34. Reliability diagram for the (a) GEFS and (b) EPS P,so forecast at 38°N,

1239W for lead times of 1-15 days (colored solid lines) grouped by lead times of 3 days
according to the legend. Values are only calculated if there were 10 or more forecasts to
evaluate and forecast values are grouped into a 0% only bin and then in 10% bins

thereafter. The black lines represent the no resolution (solid), no skill (dot-dash), and

1:1 reliability (dashed) for the latter 10 bins. .....couuviiiiii i, 107

Figure D-35. GEFS and EPS skill metrics at 33N, 117.5W for lead times every 12 hours
out to 15 days for valid times between 0000 UTC 1 October 2016 through 1200 UTC 30
April 2020 for (a) success ratio, (b) probability of detection, (c) equitable threat score,

and (d) Brier skill score. Solid lines represent the mean while the dashed lines represent
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95™ percent confidence levels for statistical significance generated through 1000 random

samples of (a, b) 25-member and (c, d) 50-member populations of forecasts. ...................

Figure D-36. Time series of IVT magnitude from 26 December 2022 through 17
January 2023 with individual landfalling ARs noted by AR scale (color) with information
on their maximum intensity (IVT magnitude), duration (hours), and time-integrated IVT
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Figure D-37. Information on the start time, end time, maximum intensity, duration, AR
Scale, average IVT direction, time-integrated IVT, and average height of the freezing
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Figure D-38. Lead time prediction of the ensemble odds of IVT magnitudes >250
kg/ms from the 30-member GFS ensemble at 33.5N, 117.W for late December 2022
through January 2023. Verification of IVT Magnitudes >250 kg/ms is shown in the lower
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Appendix A—Forecast Skill Assessment (Section 3)
A.1 Relative Forecast Error of MAP

Critical Success Index CDF of 90th Percentile Santa Ana MAP Error
24-hr Mean Areal Preciptiation (Dec-March 2004-2019) ! (Dec-March 2004-2019)

= Day 1
—— Day 2 o=

Day 3
0.8 —Day4
0.8 Day 5

...... Daily Climatological Error
- - Fi\=05

,,,,
iy

0

L Y = P ! ‘
1 2 3 4 5 D 90D D D O 2 DD DAL D B D P D
. AN b A
Lead Time (days) QP AP PSR A PP PG
------ WWRF 0.1 mm = =-WWRF 25.4 mm ----=GEFS 0.1 mm = =-GEFS 25.4 mm
—WWRF 10 mm =—*-WWRF 90th % ——GEFS 10 mm =—*-GEFS 90th %

Relative Error (%)

Figure A-1. (Left) Critical Success Index (CSI) of 24-hr MAP using data from the West-WRF Reforecast
(black) and GEFSv12 (blue) between December through March of water years 2005-2019. The different
line styles indicate different thresholds used to calculate the skill of different magnitudes of precipitation,;
dotted for MAP>0.1 mm, solid for MAP>10 mm, dashed lines without symbol for MAP>25.4 mm, and
dashed lines with x for MAP>90th percentile of the forecast distribution. (Right) Probability Cumulative
Distribution Function (CDF) of the relative forecast errors of MAP for 1-day (blue), 2-day (red), 3-day
(vellow), 4-aay (purple), and 5-day (green) GEFSv1Z2 forecasts. The error calculated using daily
climatology is given in the dotted red line. The 50% probability threshold (P(x)=0.5) is denoted by the
dashed black line.

The full distribution of GEFS MAP errors for MAP < 90th percentile is shown in the left panel of
Figure A-1 and expressed as the cumulative distribution. The cumulative distribution represents
the probability of a variable having values less than or equal to the x-axis. The cumulative
distributions for each lead time (1 through 5-day) errors are shown as individual solid-colored
lines. The black dashed line represents the 50th percentile value of the forecast error
distribution; in other words, 50% of the time the forecast errors are equal to or less than the
value on the x-axis where the dashed line is intersecting the cumulative distribution of each
lead time. As lead time increases, the relative forecast error on the x-axis increases.
Additionally, the lead time relative forecast errors can be compared against daily climatology to
determine when forecasts have added value over “typical” conditions during certain periods of
time in the year. For example, the daily climatology for October 1st is calculated as the 80th
percentile value of all MAP occurring on October 1-15 of each year across all the available years
of observations. Because we are evaluating extreme precipitation forecasts errors, we use the
80th percentile observed value to capture the extreme observed events; using the mean value
would almost certainly yield a value of 0 mm, given the highly skewed distribution of
precipitation. The relative forecast errors using the climatology (red dotted line) is less than the
errors using a forecast 5 days in advance, meaning there is added value in the 1 through 4-day
forecasts over climatology. At a 4-day lead time, precipitation errors are equal to or less than



50% of the observed value. Both of these metrics show that GEFSv12 has skill of predicting
extreme events up to a 4-day lead time in the Santa Ana basin using different baselines to

define skill. Additionally, the relative forecast errors also highlight the total possible range at
which forecasts could be off from their observed value.
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Figure A-2. Same as Figure A-1 (right) for GEFSv1Z2 (top) and West-WRF (bottom).



A.2 Inflow forecast errors at Prado

The aim of this subtask is the evaluation of 3-day (72-hour) total inflow forecasts for Prado
Reservoir, with potential science goals of 1) providing baseline meteorological/hydrological
forecast skill to assess future model improvements, 2) understanding the priority forecast skills
for Forecast-Informed Reservoir Operations (FIRO) needs, and 3) determining relationships
between atmospheric river (AR) events and model skill. To accomplish this objective, California-
Nevada River Forecast Center’s (CNRFC's) probabilistic/ensemble hindcasts and period-of-record
historical simulation based on NOAA's Community Hydrologic Prediction System (CHPS POR) are
chosen, given their utilities in the operational forecast.

Both ensemble hindcasts and CHPS POR are available hourly from October 1989 to December
2019 and assume full natural flow, so no upstream regulations are accounted for in their
simulations. The verification focuses on the period of record (1989-2019) as a benchmark
evaluation. Observed inflow to Prado Reservoir is not available, so a synthetic inflow dataset
composed of synthetic baseflow and historical stormflow is used as the observation. This
synthetic observation is available daily from October 1989 to September 2019 and has been
used for model calibration by the CNRFC.

The ensemble hindcasts (hereby forecasts) were generated using the National Weather
Service’s Hydrologic Ensemble Forecast System (HEFS). By design, HEFS translates an
ensemble of meteorological inputs through hydrologic models, which in this case is a coupled
snow (SNOW-17)-soil (SAC-SMA) model, to produce an ensemble of streamflow outputs. The
ensemble meteorological inputs are produced as meteorological forecast uncertainties using a
statistical model called the Meteorological Ensemble Forecast Processor (MEFP). MEFP is based
on the Global Ensemble Forecast System version 12 (GEFSv12) precipitation and temperature
reforecast datasets that are available from 1989 to 2019.

The ensemble 3-day total inflow is derived from aggregating the hourly data at rolling lead
times 1-3 days (1-72 hours), 4-6 days (73-144 hours), and 7-9 days (145-216 hours). We
evaluate 4 scenarios: 1) all time, including both clear-sky/baseflow and precipitation periods, 2)
all non-AR events, 3) all AR events, and 4) top 5% AR-related flows during the wet season
(November-April). AR periods are identified using Rutz’s AR catalog (Rutz et al., 2014) at the
nearest point to Prado Dam, which is available from 1980 onward
(ftp://sioftp.ucsd.edu/CW3E DataShare/Rutz AR Catalog). Non-AR precipitation periods are
determined by aligning non-AR periods on Rutz’s AR catalog with the basin mean-areal
precipitation derived from the Parameter-Elevation Regressions on Independent Slopes Model
(PRISM) dataset (Daly et al., 1994, 2008), which is available daily from 1981 onward (PRISM
Climate Group: http://prism.oregonstate.edu).

The ensemble forecast 3-day inflow verification metrics, including 10%, 25% and 50% non-
exceedances, spread-skill plot, reliability diagram and Brier score (Brier, 1950), are evaluated
for every lead-time aggregate and scenario. The all time (Nov-Apr of 1989-2019) forecast 80%
exceedance value is used to evaluate the reliability diagram and Brier score at all lead time
aggregates and in all scenarios. A threshold based on the observation instead of forecast was
considered, but it yielded similar results and conclusions. The same all-time threshold is used to
maintain a consistent benchmark across different data subsets. The CHPS POR simulation error,
RMSE and Nash-Sutcliffe Efficiency (NSE: Nash & Sutcliffe, 1970) are also computed. However,
due to the relatively limited independent sample size, the statistics associated with the CHPS
POR are computed at a daily scale.


http://sioftp.ucsd.edu/CW3E_DataShare/Rutz_AR_Catalog
http://prism.oregonstate.edu/

Figure A-3 illustrates how biased the ensemble 3-day 10%, 25%, and 50% non-exceedances
forecasts are compared to the observation at different lead time aggregates and scenarios.
Errors are generally larger at longer lead times, with higher non-exceedance forecasts and all
ARs and non-ARs are underforecasted (negative error). Larger events, typically those resulting
in 3-day inflows >40 thousand acre-ft (TAF) and most notably those associated with the top 5%
AR-related flows, exhibit larger errors (diverging from the 1:1 line) against the observation.
These results demonstrate that forecast errors increase with longer lead times as well as when
flows associated with AR events are exceptionally high.
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Figure A-3. 10% (top), 25% (middle), and 50% (bottom) non-exceedance scatter plots of ensemble
forecast’s 3-day ensemble inflow to Prado Reservoir against observation at lead-time aggregates 1-3 days
(left), 4-6 days (center), and 7-9 days (right), for all non-ARs (blue), all ARs (red), and top 5% flows
during AR periods (yellow) periods spanning Nov-Apr of 1989-20189.

The spread-skill plots in Figure A-4 demonstrates whether the ensemble spread is proportional
to the ensemble-mean error at different lead times and different scenarios. The prediction is
considered reliable when the spread is approximately equal to the error. This regime occurs
mostly when the spread is small (<5 TAF), which is evident in the all non-AR and all AR subsets
shown in Figure 2, regardless of the lead time. There is a tendency in both all non-AR and all



AR subsets of flows for the forecasts to be overdispersive at the shortest lead time (3-day)
when the standard deviation is >5 TAF. The all ARs subset, however, exhibits underdispersion
at longer lead times. This shift in the ensemble tendency is accentuated in the top 5% AR-
related flows subset, with an underdispersion when the spread is relatively small (<10 TAF) and
an overdispersion when the spread is relatively large (>15 TAF) (Figure A-6). This subset also
shows notably large 10™"-90™ percentile ranges of the errors with magnitudes of >20 TAF in
most cases. Overall, the ensemble spread is representative of the forecast error when the
spread is relatively small. When the spread is larger, the ensemble appears overdispersive
during non-AR events and underdispersive during AR events.
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Figure A-4. Binned spread-skill plots of ensemble forecast’s 3-day total inflow to Prado Reservoir at
lead-time aggregates 1-3 days (left), 4-6 days (center), and 7-9 days (right), for all non-AR events (blue)
and all AR events (red) spanning Nov-Apr of 1989-2019. The black dashed lines denote the 1.1
relationship.

The reliability diagrams displayed on the top panels in Figure A-5 show relatively reliable
forecasts in all time and all non-ARs subsets when the issued forecast probability/observed
frequency is low (<0.25), regardless of the lead time. The forecast probabilities become higher
than the observed frequencies at higher forecast probability bins, especially at those >0.5. This
behavior suggests an underdispersion/overconfidence in the ensemble forecasts. On the other
hand, the all ARs subset exhibits large fluctuations around the 1:1 line at lead time aggregates
1-3 days and 4-6 days, which reflect the undersamplings at middle forecast probability bins
(bottom panels in Figure 3). The 7-9 days lead time aggregate shows that the higher observed
frequencies are consistently higher than the forecast probabilities, indicating an under-forecast
tendency under AR conditions.
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Figure A-5. Top panel: Reliability diagrams of ensemble forecast’s 3-day inflow to Prado Reservoir at 1-3
days (left), 4-6 days (center), and 7-9 days (right), for all non-AR events (blue), all AR events (red), and
all time (black) spanning Nov-Apr of 1989-2019. The threshold is 80% exceedance based on the

ensemble forecasts. The black dashed lines denote the 1:1 relationship. Bottom panel: frequency
distribution associated with the forecast probability bins.

Table A-1 shows that the ensemble has a reasonable 3-day inflow forecast skill with Brier scores
<0.55. However, the forecast accuracy tends to deteriorate with longer lead times, except in
the all non-ARs subset, which improves with longer lead times. Brier scores are generally best in
the all time subset and worst in the all ARs subset, indicating the lower forecast accuracy under
AR conditions. The Brier skill scores exhibit the same pattern with all values >0 (Table A-2),
which confirms that the ensemble forecasts are still more skillful than the reference forecast
based on climatology.

Table A-1. Brier scores of ensemble forecast’s 3-day total inflow to Prado Reservoir at lead-time
aggregates 1-3 days, 4-6 days, and 7-9 days, for all time, all non-AR events, and all AR events spanning
Nov-Apr of 1989-2019. The threshold is 80% exceedance based on the ensemble forecasts.

Brier Score
Lead Time

LCLEICEICN  Alltime |All non-ARs| All ARs
1-3 days 0.40 0.42 0.50
4-6 days 0.40 0.40 0.52
7-9 days 0.41 0.38 0.52

The CHPS POR simulation daily inflow mean errors, RMSEs and NSEs are shown in Table A-2.
For reference, the ensemble forecast bias and RMSE distributions are shown in Figure A-6. Both
the mean errors and the RMSEs show that the simulation errors are larger in the all ARs subset
than in the all non-ARs subset, particularly in the top 5% scenario. This difference is related to
the fact that ARs are responsible for larger precipitation events in California (Dettinger et al.,



2011). However, the mean errors are negative in the all ARs subset and positive in the other
subsets, indicating under-forecasting tendency in the former and over-forecasting tendency in
the latter. The NSEs indicate reasonably skillful simulation with values >0.5 in all subsets. The
NSE is highest in the all ARs subset (0.86) and lowest in the top 5% AR-related flows subset
(0.53). Aside from the simulation error, NSEs also account for the correlation between the
simulation and the observation. The latter suggests a particularly strong correlation in the all
ARs subset.

Table A-2. CHPS POR daily-total inflow simulation errors (acre-ft), RMSEs (acre-t), and NSEs at Prado
Reservoir, for all non-AR events, all AR events, and top 5% flow during AR periods spanning Nov-Apr of
1989-2019.

Metric 7 All non-ARs ’ All ARs VTop 5% AR Flows
Error (acre-ft) 168 -194 4486
RMSE (acre-ft) 1151 2818 7555

NSE 0.72 0.86 0.53

In conclusion, CNRFC ensemble forecasts largely capture the forecast uncertainty with a 90%
confidence level, especially with shorter lead times where the forecasts tend to be less biased.
However, it becomes more underdispersive when the spread grows larger, typically during
larger AR events. Overall, the ensemble has skill at forecasting the 3-day inflow volume, but it is
also shown to potentially benefit most from improvement during AR events. The result from
CHPS POR simulation supports the fact that the 3-day inflow prediction, though reasonably
skillful, exhibits larger errors during AR events.
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Figure A-6. Same as Figure A-4, but with the top 5% AR-related flows subset added (yellow).



Table A-3. The Brier skill scores alternative to Table A-1. The reference Brier score is based on the

observed climatology.

Lead Time

Brier Skill Score

Aggregate All time All non-ARs All ARs
1-3 days 0.30 0.26 0.12
4-6 days 0.30 0.29 0.09
7-9 days 0.28 0.32 0.09
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Figure A-7. The biases and RMSEs of ensemble forecast’s 3-day total inflow to Prado Reservoir in
thousand acre-ft (TAF) at lead-time aggregates 1-3 days, 4-6 days, and 7-9 days, for all time, all non-AR
events, all AR events, and top 5% flow during AR periods spanning Nov-Apr of 1989-2019.
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1. Introduction

The Prado Dam is a U.S Army Corps of Engineers (USACE) structure built in 1941 at the southwestern
edge of the Santa Ana River basin in Southern California. It is used for regulating underground water
recharge and flood prevention in highly urbanized areas of Orange County. The sources for runoff
generation within the Santa Ana basin often result from meteorological phenomena such as
atmospheric rivers (ARs) and cutoff lows, the combination of which usually occurs over a handful of days
a year. Forecasting these extreme events accurately in advance provides an opportunity to better
mitigate potential flooding risks and optimize water retention. This concept is the foundation of a multi-
agency water management study called Forecast-Informed Reservoir Operations (FIRO), a flexible water
management approach that uses data from watershed monitoring and improved weather and
hydrologic forecasting to help water managers selectively retain or release water from reservoirs in a
manner that can adapt to weather extremes and that leverages advancements in the science of
meteorological and hydrologic forecasting. Developing FIRO for a specific reservoir or system is an
exploratory process involving key partner interaction and understanding. Experience and understanding
gained through “interim operations” where FIRO concepts are experienced through operational
deviations has proven quite valuable. In addition, careful examination of recent events through “case
studies” has also proven enlightening and can help inform the application of FIRO.

In late December 2021, a unique sequence of precipitation events occurred where major
forecast changes and subsequent operational decisions provided a good opportunity to learn about the
role of weather and water forecasts and their applications in reservoir operations decisions for Prado
Dam. This paper will describe the sequence of the meteorological phenomena, the weather forecast
evolution using global and regional numerical weather models, and alighment of the operational
decisions. An analysis of this event and the associated reservoir release decisions should provide insight
into the sensitivity of weather and water forecast errors (uncertainty) as well as the release decision
process used by the LA District of the USACE (LAD).

2. Sources of forecasts, observations, and operational decision markers

2.1. Numerical weather prediction models

Several sources of weather forecasts were analyzed to study the prediction of precipitation and the
responsible meteorological mechanisms to understand the implications of resolution and uncertainty of
the forecasts. The Center for Western Weather and Water Extremes (CW3E) produces daily near-real



time forecasts over the Western U.S. using a customized version of the Weather Research and
Forecasting (WRF) model (Skamarock et al., herein West-WRF). West-WRF has been established as a
skillful predictive tool for extreme precipitation over California (Martin et al. 2018, Cannon et al. 2020,
Cobb et al. submitted to Weather and Forecasting) and integrated water vapor associated with
Atmospheric Rivers (ARs) (DeHaan et al. 2021). West-WRF consists of two regional domains, a parent 9-
km domain extending over the northeast Pacific Ocean and U.S. West Coast and a 3-km one-way nested
domain extending over California and extreme southern Oregon (Figure 1). The forecast horizon is 5
and 7 days, respectively. Data over the Santa Ana and nearby basins are used for this study. The initial
and boundary conditions of the model are driven from the National Center for Environmental Prediction
(NCEP)’s Global Forecast System (GFS). As such, the 25-km native GFS forecasts are also compared to
understand the implications of the dynamical downscaling within the high-resolution model.
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Figure 1. West-WRF domain during WY2022.
2.2. Quantitative Precipitation Estimates

To verify the precipitation forecasts within and surrounding the Santa Ana basin, the forecasts were
compared to the 4-km gridded quantitative precipitation estimate (QPE) from the California-Nevada
River Forecast Center (CNRFC). This operational product consists of 24-hr total QPE on an HRAP
projection and is composed of gauge data that is distributed using elevation-based information along
the complex topography of California and eastern Nevada. Both time series data at 117.63 W, 33.89 N
and the full gridded fields over Southern California are extracted between 24" December 2021 and 1%
January 2022.

2.3. Analysis of integrated vapor transport

The sequence of precipitation falling in the Santa Ana basin between 23 December and 1 January were
generated by a mixture of atmospheric phenomena. To contextualize the presence or lack thereof of AR
activity, the integrated water vapor time series was extracted from the European Reanalysis version 5
(ERA-5). Periods of time in which IVT > 250 kg m s at 117.75° W, 34° N indicate AR conditions at Prado.

2.4. Reservoir Elevation at Prado Dam



Hourly reservoir elevations at Prado Dam (PRA) are obtained from the California Data Exchange (CDEC)
and available at an hourly time step through the period of study.

2.5 Timeline of release decisions and available postings of inflow and precipitation forecasts

Beginning in August 2022, a series of workshops were held between CW3E and members of the USACE
LAD to focus on a timeline of events surrounding the releases in preparation for the anticipated
precipitation event. During these workshops, a timeline event summary was created, listing dates and
times of forecast postings and actions made in response to coordinate releases and notifications to the
relevant authorities and stakeholders. These event points were aligned with the forecast evolution to
determine how the variability in the forecast could have played a role in the decision-making process.

3. Discussion of meteorological systems impacting Prado during December 2021

Several pulses of precipitation occurred over the Santa Ana Basin during the period between 23
December 2021 and 1 January 2022 and resulted in the activation of the LAD to make water
management decisions at Prado Dam. Figure 2 shows the time series of 6-hr precipitation and hourly
IVT over Prado through the study period. Between 24-25 December, an AR3 scale storm generated
58.61 mm of precipitation nearest Prado. The subsequent pulses of precipitation were characterized by
enhanced water vapor flux but classified as a weak AR (26 December) or non-AR as it did not exceed the
250 kg m s*threshold (28 December). These two pulses also increased the water pool at Prado leading
up to the final precipitation event on 30-31 December. Following the series of precipitation events
between 24-28, the reservoir elevation was 503.42 feet. Any subsequent forecasted rainfall would likely
require release decisions at Prado as to avoid further encroachment.



Time Series at Prado Dam
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Figure 2. Time series of (top) 6-hr precipitation totals (mm, blue bars) and IVT (kg m™ s, black line) at
Prado Dam and (bottom) Prado reservoir elevation (red, feet) between 21 December 2021 and 2 January
2022. An IVT threshold of 250 kg m™ s™is denoted by the black dashed line in the top panel.

Beginning on December 27, the 00Z GFS forecasts signaled another potential weather system
approaching Southern California around 00Z 30 December and additional precipitation over the Santa
Ana Basin. Figure 3 shows the observed weather pattern, dominated by a hybrid cutoff low centered at
123 W, 35N, onshore southwesterly flow in the vicinity of the Santa Ana basin, and precipitation across
much of Orange, Los Angeles, and Ventura Counties. The IVT in this case is weak during the period of
maximum precipitation accumulation and indicates that there is additional dynamical forcing to
generate precipitation in association with the cutoff low.
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Figure 3. GFS analysis of IVT (left) and forecasted 6-hr precipitation accumulation (right) valid at 00Z 30
December 2021 and 06Z 30 December 2021, respectively. Sea level pressure (hPa) contours are plotted
in both panels and the center of the low pressure system is marked by an “L”. The arrows within the IVT
shaded regions represent the IVT vector (kg m™ s2), and the barbs overlaid on the precipitation field
represent the 10-m wind speed (m/s). The low-level wind speed and water vapor flow direction is
denoted by the blue arrow and the focus area of precipitation accumulation is denoted by the red oval.

4. Forecast skill assessment at Prado

Precipitation forecasts from the West-WRF 3km and GFS 25-km runs at 1 and 2-days lead time, as well
as the QPE from the CNRFC, are shown in Figure 4. The QPE field shows a local maxima of ~150 mm
over the San Gabriel mountains and much smaller accumulations throughout the lower elevations of the
basin. Notably, the total precipitation during this period over the San Bernardino mountains was
generally less than 25 mm. Thus, much of the basin received less accumulations than areas to the West
of the basin, particularly in Ventura and Los Angeles counties. The 1-day forecasts from West-WRF and
GFS reasonably capture this precipitation gradient across Southern California and the increased
resolution of the West-WRF model is able to resolve the intra-basin spatial distribution of precipitation
maxima and minima during this time. However, the 2-day forecasts from West-WRF and GFS predicted
much more widespread precipitation within the Santa Ana basin, with higher accumulation over the San
Bernardino mountains and the lower elevations upstream of Prado. The GFS 2-day forecasts predicted
precipitation accumulations in excess of 60 mm over much of the central and western portions of the
basin, while the West-WRF dynamical downscaling reduces the overall signal over lower elevations and
primarily generated precipitation over the higher mountains of the northern watershed border. West-
WRF reduced the GFS forecast error by ~38 mm (1.5 inches) near the center of the basin. Overall, both
models predicted too much precipitation at 2 days lead time, while the 1-day lead time forecasts better
at simulating the observed precipitation distribution.
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Figure 4. 24-hr precipitation totals from a) Gridded CNRFC QPE, b) 1-day lead time West-WRF forecast,
c¢) 2-day lead time West-WRF forecast, e) GFS 1-day forecast, and f) GFS 2-day forecast over the Santa
Ana basin (black contour). Panel d shows the terrain relief within the Santa Ana basin with the San
Gabriel and San Bernardino mountains marked by the black arrows, and the location of Prado dam with
a black circle. Forecasts are valid at 00Z 31 December 2021 (4 pm PST 29-30 December).

Figure 5 shows the radar reflectivity of the precipitation occurring on 30 December, when the rainfall
was occurring to the west of the Santa Ana basin. Throughout the day, the higher reflectivity values are
persistently occurring to the north and west of Santa Ana until about 21Z. This supports the theory that
the precipitation stalled on its southward progression and aligns with the overforecast errors from the
models.



Figure 5. Radar reflectivity over Southern California on 30 December 2021 at (top left) 6:15Z, (top right) 8:20Z,
(bottom left) 12:20Z, and (bottom right) 21:20Z.

5. Alignment of forecast availability and variability

As shown in section 4, 24-hr total precipitation forecasts between 1 and 2-day lead times were quite
different in terms of their magnitude and distribution, ultimately leading to a large forecast
overestimation at the 2-day lead time. Water operations at Prado require advance notifications and
ramping rates for release out of the dam. The longer lead forecasts provide some basis for decisions
made in advance of the precipitation and release from the reservoir. Figure 6 shows the alignment of
the 24-hr mean areal precipitation over the Santa Ana watershed, as well as the timing of available
forecasts of precipitation and inflows for the Prado drainage area as reported by the LAD. The
important forecast issuances for the rapidly changing precipitation prediction are noted by the blue and
red boxes. Between 97 and 14Z on the 29™, the precipitation forecasts issued from NWS San Diego
decreased by half (not shown). Releases during this time were ramped up to X and notifications would
have been made to local authorities, etc. The decisions of the release rates align with the expectation of
forecasts made at these critical times and support decreased water capacity in order to make space for
incoming runoff and streamflow. This analysis highlights the challenges associated with large forecast



variability during a short window of lead times and warrants further investigation into the uncertainty
characteristics of the forecast such that they might be leveraged in future decision-making processes.

Evolution of the West-WRF/GFS 3 km Precipitation Forecast over Prado
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Figure 6. (Top) 24-hr mean areal precipitation (MAP) over Prado as a function of valid time and forecast lead time
and (bottom) timing of the availability of the QPF/streamflow forecasts between 20 December 2021 and 1 January
2022. The red and blue boxes highlight the times in which CNRFC streamflow forecasts were available but the
precipitation forecasts within Prado decreased by half.



Appendix B—Water Resources Studies and
Research (Sections 4 and 5)

B.1 Process Documents

1. Hydrologic Engineering Management Plan (HEMP) for the evaluation of Prado Dam

Water Control Plan Alternatives.

2. Adjustments to Santa Ana River Baseflow

3. HEC Simpler Forecast Operations Model (SFO)

4. Adjusted Scaled Hindcasts

a. February 1998
b. December 2005

c. December 2010

B.2  Evaluation Graphics

1. Frequency of Maximum Annual Pool Elevation

a. By Alternative
b. By Buffer Pool elevation

i.
ii.
iii.
iv.
V.
Vi.

All Alternatives

All Alternatives (zoomed on 5-50%)

Perfect Alternatives omitted

Perfect Alternatives omitted (zoomed on 5-50%)

Perfect and No Forecast Alternatives omitted

Perfect and No Forecast Alternatives omitted (zoomed on 5-50-%)

B.3 Frequency of Maximum Annual Reservoir Release

a. By Alternative
b. By Buffer Pool elevation

i.

ii.
iii.
iv.
V.

Vi.

All Alternatives

All Alternatives (zoomed on 5-50%)

Perfect Alternatives omitted

Perfect Alternatives omitted (zoomed on 5-50%)

Perfect and No Forecast Alternatives omitted

Perfect and No Forecast Alternatives omitted (zoomed on 5-50-%)
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B.4

B.5

B.6

B.7

HEMP Metrics — Frequency Charts

a. All Alternatives
b. 520’ Buffer Pool omitted
c. Perfect and No Forecast Alternatives omitted

HEMP Metrics — Bar Charts

a. All Alternatives
b. 520’ Buffer Pool omitted
c. Perfect and No Forecast Alternatives omitted

HEMP Metrics — Box and Whisker Plots

a. All Alternatives
b. 520’ Buffer Pool omitted
c. Perfect and No Forecast Alternatives omitted

Scaled Hindcast Plots

a. By Alternative
b. By Buffer Pool elevation

i. All Alternatives
ii. Perfect Forecast Alternatives omitted

iii. Perfect and No Forecast Alternatives omitted
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Hydrologic engineering management plan (HEMP) for Prado Dam Forecast-informed Reservoir
Operation (FIRO) evaluation of water control plan alternatives within the Final Viability
Assessment (FVA)

Draft Version 2.0, July 2022

Summary

Organized efforts to evaluate the potential application of FIRO for Prado Dam began in the Fall of 2017. An inter-agency inter-disciplinary
steering committee (SC) was formed and a workplan for evaluation was completed in the Fall of 2019. The objective of the Preliminary
Viability Assessment (PVA) was to identify, through appropriate detailed technical analyses and other considerations, candidate FIRO
strategies for Prado Dam, and along with the way they might be implemented in real-time operation USACE and OCWD. That assessment
was completed in 2021 and efforts have shifted to the FVA where a more thorough investigation of potential FIRO strategies (WCP
alternatives) will be performed as informed by the PVA process.

The FVA is managed by the Prado Dam FIRO steering committee (To be consistent with USACE guidance for conduct of similar technical
studies the SC prepared this hydrologic engineering management plan (HEMP) as ...a technical outline of the hydrologic engineering
studies necessary to formulate a solution to a water resources problem ( Engineering Pamphlet 1110-2-9).

This HEMP includes the following:

Statement of objective and overview of technical study process to provide information needed for the FVA.

Specification of requirements for FIRO alternatives that will be considered. These are presented in Table 1, Table 2, & Table 3.
Identification of tasks to be completed for the technical analysis. These are presented in Table 4.

Identification of analysis tools and methods to be used for the study.

Identification of the project team members and their roles and responsibilities for conduct, review, and approval of the hydrologic
engineering study. These are presented in Table 7 and Table 8.

6. Analysis schedule. This is presented in Figure 1.

ik e

Objective of technical analysis, overview of process, and tasks to be completed

The objective of the hydrologic engineering study described herein is to identify and evaluate Prado Dam FIRO alternatives in a systematic,
defendable, repeatable manner, thus providing information to the SC so it may identify the best FIRO strategy for consideration by the
USACE when the WCM for Prado Dam is updated following the SARM spillway raise to 563’. The approach taken leverages the experience
and recommendations from the PVA.



The process used to meet the hydrologic engineering study objective is a “nominate-simulate-evaluate-iterate” process, consistent with the
process used commonly by USACE for water resources planning studies. Tasks in this process, as applied for technical analyses to support
the Prado Dam FIRO PVA, include the following:

1.

A set of feasibility criteria and performance metrics is developed for assessing and comparing FIRO alternatives. This set will be
applied to all alternatives, thereby permitting the project delivery team (PDT) to compare and rank alternatives and the SC to
identify the best FIRO strategy.

A set of alternative FIRO strategies is nominated by the PDT. The strategies are screened to ensure they meet specified
requirements, which are described below.

Performance of the river-reservoir system with each FIRO strategy is simulated using a common set of meteorological and
hydrological conditions.

Simulation results are used to evaluate the viability and performance of each strategy. The evaluation uses metrics identified in
Task 1, comparing each alternative to performance for the without-project condition, which is operation following the WCP included
in the current water control manual (WCM). If results of the evaluation inform refinements to FIRO strategies, the simulation and
evaluation tasks are repeated with enhanced strategies

The PDT uses the technical analysis results to rank the alternatives and submits the rankings to the SC. The SC identifies the best
strategy for potential implementation by USACE.

These tasks are described in more detail in Table 4. Major tasks are listed in column 1, and subtasks in column 3.

FIRO alternatives to be evaluated

Selection of specific FIRO alternatives is a task to be completed as a component of the hydrologic engineering study (see below).
Requirements of all candidate FIRO strategies are shown in Table 1. Table 2 and Table 3 show additional constraints and objectives that
should be met by proposed alternatives. While selection of FIRO alternatives to be evaluated is a task of the technical studies (see below),
a tentative set evolved as an outcome of the PVA; that list is shown in Table 6.



Table 1. Requirements of all alternative FIRO strategies

ID
1)

Description

(2)

The candidate FIRO strategy must satisfy all relevant USACE engineering regulations (ERs), including but not limited to the following:
e ER 1105-2-100 Planning Guidance Notebook

e ER 1105-2-101 Risk Assessment for Flood Risk Management Studies
e ER 1110-2-240 Water Control Management
1 e ER 1110-2-1156 Safety of Dams Policy and Procedures
e ER 1110-2-1941 Drought Contingency Plans
e EM 1110-2-3600 Management of Water Control Systems
e ER 1110-2-8156 Engineering and Design Preparation of Water Control Manuals
e EM 1110-2-1420 Hydrologic Engineering Requirements for Reservoirs
The analytical tools required for implementation of the candidate FIRO strategy must be compatible with the USACE’s Corps Water
2 | Management System (CWMS) software. In addition, results of any analyses completed with software not currently certified for use by USACE
must be demonstrated to produce results consistent with results of USACE software.
Streamflow forecasts used by the candidate FIRO strategy must be those provided by the California-Nevada River Forecast Center (CNRFC) of
3 | the National Weather Service. Simulated streamflow forecasts must be consistent with the skill characteristics of those issued by the CNRFC. As
appropriate for the alternative, the forecast used can be ensemble and/or deterministic (single-value).
4 | The FIRO strategy must satisfy the hard (inviolable) operation constraints shown in Table 2.
5 | The FIRO strategy should represent, and to the extent possible, meet the operation objectives shown in Table 3.
6 Software development needed to implement the FIRO alternative must be limited for the FVA, as the objective is to select from amongst a set
of readily available (or nearly so) strategies.
v Simulations during periods when release rate of change may become a factor should be completed at an hourly time step. When release rate

of change is not a factor, the simulation time step can be daily.




Table 2. Hard (inviolable) operational constraints that must be satisfied by all FIRO strategies

ID
1)

Limiting condition

(2)

Description

(3)

Must satisfy limits on

Release rate of change is governed by the potential impacts on downstream evacuation of the channel, movement
of construction equipment, and bank erosion and stability. ROC limits (up and down) will be defined prior to

1 release rate of change evaluation. Limits are defined for flows up to 5000 cfs. Limits will be established for flows between 5,000 cfs and
30,000 cfs by LA District staff.
Max'”?“m relegse . One downstream limit of 30,000 cfs will be evaluated. Construction of Reach 9 and the BNSF Railroad bridge is
2 | capacity associated with assumed to be completed for the purposes of this study
WCM Update #1 )
MUSF accommodate The maximum release schedule is defined by LAD staff and is shown in Figure 1. The logic for using the chart will
3 | maximum release iy
be clarified by the PDT.
schedule
Must meet instream
4 | minimum flow Minimum discharge set at 50 cfs.
requirements
5 | Other 24 hour lead time notifications

Table 3. Operational considerations that should be evaluated in the hydrologic engineering study

ID Operational consideration Description
(1) (2) (3)
1 | Corona Airport Flooding/closure of the Corona Airport @ 515’
2 | Euclid Avenue Euclid Avenue closed @ 515’ (Normally closed earlier due to Chino Creek floodwaters)
3 | Least Bells vireo nests :]r:;t;ases in the pool elevation of 1m or greater between March 21 (vireo arrival) and May 1 may flood vireo
Potential harm or benefit to . . . ) . i ) .
4 riparian habitat above 505’ Prolonged inundation of riparian vegetation has the potential to harm or benefit the vireo habitat
) Spillway flow in excess of downstream channel capacity has serious flood impacts. Any uncontrolled
5 | Spillway flow : AR
spillway flow has negative implications for the Corps.
6 | Other
7 | Others?
8 | Others?
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Table 4. Tasks and subtasks to be completed for hydrologic engineering study of FIRO strategies

Major task Description Subtasks
(1) (2) 3)
Task 1.1. With appropriate input from subject matter experts, formulate a
candidate set of quantitative and qualitative measures of performance. (A
o o tentative list is shown in Table 5.) Define methods for assessing these for
Both quantitative and qualitative typical FIRO strategies. Screen set to select feasible metrics for ALL likely
Task 1. Select measures of performance will be alternatives to permit objective comparison of strategies. Prepare a technical

performance metrics

identified. Methods of computation of
quantitative measures will be described. A
tentative list is shown in Table 5.

memo. Submit to SC for review.

Task 1.2. Receive comments from SC. Revise selected set of performance
metrics as required.

Task 1.3. If necessary, design, develop, test software applications (scripts,
spreadsheets, etc.) to apply selected metrics.

Task 2.
Nominate/formulate
alternative FIRO
strategies that will be
considered

Each alternative FIRO strategy to be
considered will be identified and
described, along with the method by
which performance with the strategy will
be evaluated. A tentative set is shown in
Table 6.

Task 2.1. With appropriate input from subject matter experts, formulate a
candidate set of FIRO strategies to be considered. Describe each strategy in
memo, submit proposed list/memo to SC for approval.

Task 2.2. Receive comments from SC and revise list as appropriate. Get SC
agreement to proceed with comparison.

Task 2.3. Identify software applications that will be used to model FIRO
strategies (tentatively, these are HEC-ResSim and Ensemble Forecast
Operations [EFO]).

Task 3.
Side studies

Identify, conduct, document, and
incorporate outcomes of “side studies”
that affect the simulation and evaluation
of alternatives.

Task 3.1. Identify any additional “side studies” that must be completed to
provide information required for simulation. Details of side studies will be
identified in this subtask, with scope of work and schedule submitted to SC
for approval.

Task 3.2. Undertake and complete side studies, as approved by SC.

Document findings. Incorporate findings in selected FIRO strategy models or
procedures




Major task
(1)

Description

(2)

Subtasks
3)

Task 4. Simulate
performance with each
alternative

Each alternative FIRO strategy will be
simulated with the HEC-ResSim model
with a consistent set of hydrologic
boundary conditions and system
constraints (identified in Table 2).

Task 4.1. Considering all FIRO strategies to be evaluated, identify boundary
conditions and initial states of the system to be considered in simulation for
comparison. Document.

Task 4.2. Simulate performance of Prado Dam with candidate strategies.
[For EFO model, validate release schedule, simulated storage, and computed
downstream flows with HEC-ResSim model.] Prepare a technical memo
describing application of each strategy. Prepare a database of results (for
use in Task 5).

Task 5. Using results
of simulation, evaluate
each alternative in
terms of identified
performance metrics

Each alternative FIRO strategy will be
analyzed and the appropriate
performance metric statistics computed.

Task 5.1. Using a database of results from the HEC-ResSim simulation of
each FIRO strategy (from subtask Task 4.2) apply software applications
(scripts, spreadsheets, etc.) from Task 1.3 to compute performance metrics
for each strategy.

Task 5.2. Revise FIRO strategies and performance metrics as necessary to
ensure fair, repeatable comparisons. This subtask acknowledges initial
uncertainty about compatibility of strategies and metrics.

Task 5.3. Document results of evaluation in technical memo.

Task 6. Compare the
alternatives by
comparing the metrics

Each alternative FIRO strategy evaluation
will be compared against the baseline and
against each other.

Task 6.1. Using results from Task 5, prepare charts, tables, etc. to compare
performance of strategies. Prepare a technical memo with this information
and submit it to SC for information.

Task 6.2. Refine strategies if evaluation and comparison expose
opportunities for “quick gains” through minor adjustments to strategies.
Repeat subtasks Task 4.2— Task 5.1 with revised results.

Task 6.3. Prepare a final technical memo on simulation, evaluation, and

comparison. Submit for SC review. Receive SC comments and revise
technical memo as needed.

Task 7. Brief SC on
findings and facilitate
the selection of a
preferred alternative.

Each alternative FIRO strategy
comparison will be scrutinized, and all
findings will be documented and
presented to the SC.

Task 7.1. Using results of comparison from Task 6, rank alternatives
considering individual metrics from Task 1. Document findings.

Task 7.2. Provide comparisons and ranking to SC.




Metrics for evaluating viability and efficiency of alternatives

The efficiency of FIRO will be evaluated with a set of measurable statistics. These will be used in the same manner (to the maximum
extent possible) to assess each alternative objectively. Selection of the specific metrics and stipulation of the manner of computing or
calculating those is a task to be completed as a component of this study.

An initial tentative list of metrics is shown in Table 5.



Table 5. Tentative list of metrics for evaluation of FIRO alternatives (listed in Table 6)

ID Metric description Category Likely method of computation:
(1) (2) 3) (4)
M1 Annual maximum discharge Flood risk Frequency curve. Simulate 32-year hindcast and extend with scaled 100-, 200-, and
frequency from Prado Dam management 500-year events. Consider the use of synthetic ensemble forecasts.
M2 Annual max. pool elevation FRM and Frequency curve. Simulate 32-year hindcast and extend with scaled 100-, 200-, and
frequency function of PRDO Environmental 500-year events. Consider the use of synthetic ensemble forecasts.
Vireo nest inundation : Simulate 32-year hindcast period. Frequency of pool elevation changes between March
M3 | between 3/21 and 5/1 Environmental | 51 and May 1.
Average annual number of ) ) i .
M4 days of pool above 505’ Environmental Frequency curve. Simulate 32-year hindcast.
Average annual number of . ) i .
M5 days of pool above 508’ Environmental Frequency curve. Simulate 32-year hindcast.
Average annual number of . ) i .
M6 days of pool above 510’ Environmental Frequency curve. Simulate 32-year hindcast.
Average annual number of ) ) i .
M7 days of pool above 512’ Environmental Frequency curve. Simulate 32-year hindcast.
Average annual number of Enviro & Corona . i .
M8 days of pool above 514’ Airport impacts Frequency curve. Simulate 32-year hindcast.
Average annual number of Enviro & Corona . i .
M9 days of pool above 515’ Airport impacts Frequency curve. Simulate 32-year hindcast.
Average annual number of Enviro & Euclid . i .
M10 days of pool above 520’ Ave. dlosure Frequency curve. Simulate 32-year hindcast.
Average annual total . i )
M11 recharge below Prado Dam Water Supply Frequency curve. Simulate 32-year hindcast.
Ave. annual release above . ;
M12 recharge capacity (volume) Water supply Frequency curve. Simulate 32-year hindcast.
Potential impacts on San
M13 | Antonio and Seven Oaks FRM and Water TBD

operations

supply




Notes:

(1). Hindcast of the Hydrologic Ensemble Forecasts System (HEFS) for forecast points in the Santa Ana was developed by the CNRFC, which includes
daily forecasts of hourly flows out to 15 days for 41 ensemble members based on GEFSv12. The Hindcast covers water years 1990 through 2021.
References and resources for HEFS include:

https://journals.ametsoc.org/doi/full/10.1175/BAMS-D-12-00081.1
https://cepsym.org/Sympro2016/Hartman.pdf

(2). Scaled events from the hindcast dataset have been developed to simulate 100-, 200-, and 500-year flood events for Prado Dam. Observed
hydrology and hindcasts from (spec. years here) historical flood events have been scaled to match the estimated 100-, 200-, and 500-year return
frequency inflow volume into Prado Dam. This effort requires a side study to (1) define the 100, 200, and 500-year 3-day inflow volume, (2) the
identification of 2 to 4 large events within the 1990-2020 period, and (3) the scaling the HEFS ensemble forecasts associated with these events by
the CNRFC. Recent work to develop synthetic ensemble hydrologic forecasts may be leveraged to increase the robustness testing of the FIRO
strategies.

Table 6. Candidate FIRO alternatives to be evaluated

Alternative

ID strategy Description
(1) (2) (3)
Unrestricted 505’ Buffer pool allowed to extend up to 505’ without a seasonal restriction. Releases when pool is <=
1 (Baseline) 505’ at maximum recharge rate. Releases above 505’ are at the maximum scheduled rate. No

forecasts are used.

Buffer pool allowed to extend up to 508’ provided risk of exceeding 508’ is acceptable. Releases when
2 | EFO-508 risk is acceptable = maximum recharge rate. Determines release required to mitigate risk of
exceeding 508’. Uses ensemble inflow forecast.

3 | 508-NF Same as baseline but Buffer pool allowed to extend up to 508’.

Buffer pool allowed to extend up to 510’ provided risk of exceeding 510’ is acceptable. Releases when
4 | EFO-510 risk is acceptable = maximum recharge rate. Determines release required to mitigate risk of
exceeding 510’. Uses ensemble inflow forecast.

5 | 510-NF Same as baseline but Buffer pool allowed to extend up to 510'.
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Alternative

ID Description
strategy
(1) (2) (3)

Buffer pool allowed to extend up to 512’ provided risk of exceeding 512’ is acceptable. Releases when

6 | EFO-512 risk is acceptable = maximum recharge rate. Determines release required to mitigate risk of
exceeding 512’. Uses ensemble inflow forecast.

7 | 512-NF Same as baseline but Buffer pool allowed to extend up to 512'.
Buffer pool allowed to extend up to 514’ provided risk of exceeding 514’ is acceptable. Releases when

8 | EFO-514 risk is acceptable = maximum recharge rate. Determines release required to mitigate risk of
exceeding 514’. Uses ensemble inflow forecast.

9 | 514-NF Same as baseline but Buffer pool allowed to extend up to 514'.
Buffer pool allowed to extend up to 515 provided risk of exceeding 515’ is acceptable. Releases when risk is

10 | EFO-515 acceptable = maximum recharge rate. Determines release required to mitigate risk of exceeding 515’. Uses
ensemble inflow forecast.
Buffer pool allowed to extend up to 520 provided risk of exceeding 520’ is acceptable. Releases when risk is

11 | EFO-520 acceptable = maximum recharge rate. Determines release required to mitigate risk of exceeding 520". Uses
ensemble inflow forecast.
Buffer pool allowed to extend up to 505" without a seasonal restriction. Release is computed as the portion of the

12 | USACE-F1 forecasted inflow volume that would exceed 505". The forecast metrics used in the computation are the ensemble
median of 1-day volume, 2-day volume, 3-day volume. Release = excess volume / duration, for 1-day, 2-day, 3-
day, with larger release implemented.

13 | USACE-F2 Same as USACE-F1, with buffer pool allowed to extend up to 512".
Variations on USACE-F1 or F2 with alternative parameter choices. For example, considering ensemble summary

14 | USACE-F3 metrics for higher percentile volume, rather than mean or median, depending on magnitude, and/or limiting look-

ahead in release computation to 2 days rather than 3 days with buffer = 505'.
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Bookend Analysis

To better understand the maximum benefit of forecasts, Alternatives 2-14 will be configured and run with full foresight of future
streamflow conditions in the next 15-days (perfect forecasts).

The “bookends" will be established by Alternative 1 and the results of the perfect forecast simulations (Alternatives 2-14). Our current
position between the two “bookends" will be provided by the assessment of Alternatives 2-14 using currently available forecasts.

Project delivery team members and their roles

The PDT for evaluation of FIRO alternatives includes subject matter experts (SMEs) who will complete the analyses described herein,
report on the findings and understandings, and recommend a single approach to be taken by CW3E, and managers who will oversee
the work effort. PDT members are identified in Table 7.

Table 7. Prado Dam FIRO FVA technical analysis PDT members

e Prado Dam FIRO steering committee

e OCWD technical staff

e USACE Headquarters staff (HQ)

e USACE, South Pacific Division (SPD) staff

e USACE, Los Angeles District (SPL) staff

e USACE, Hydrologic Engineering Center staff

e Center for Western Weather and Water Extremes, Scripps Institution of Oceanography at University of California, San Diego (CW3E).
Includes RKHCS and Sonoma Water staff under contract to support FIRO efforts.

The PDT members have 1 of 4 roles, consistent with established project management planning, as shown in Table 8. These roles vary
by hydrologic engineering task. Table 9 shows roles assigned to PDT members for the analysis described herein.
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Table 8. Project roles

ID Role Description of duties
(1) (2) 3)
R | Responsible | Responsible for completing the analyses described herein.
A | Accountable Answera}ble for correct and thorough completion of task; ensures requirements are met; delegates work to those
responsible.
C | Consulted As SMEs, offer opinions through two-way communication with those responsible and accountable, about conduct of analyses.
I | Informed Kept up to date on progress through 2-way communication.

Table 9. PDT roles by task

Steering OCWD USACE USACE USACE
ACE SPL W3E
. Committee | Tech Staff HQ HEC SPD USACE S cws
Major Task

1 | Select performance metrics I R I R C R R
Nominate/formulate alternative FIRO

2 strategies that will be considered c R I R C R R
Side studies C R I R C R R
Simulate performance with each alternative I C I R I C R
Using results of simulation, evaluate each

5 | alternative in terms of identified performance I R I R I R R
metrics
Compare the alternatives by comparing the

6 | ol I R I R C R R
Brief SC on findings and facilitate the

7 selection of a preferred alternative. I R I R C R R

Schedule for completion of technical analyses

Technical analysis to be completed by 1/1/2023.
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Risks to success of study

Risks to the success of this study and mitigation actions are shown in Table 10.

Table 10. Project risks

Potential failure mode

(1)

Actions PDT can take to mitigate

(2)

Simulation or evaluation software does not
function as expected.

Limit analysis to use of software that is readily available and has been stress tested.

Necessary data—including hydrological,
meteorological, water use, vulnerability—are not
readily available.

Limit analysis to use of best-available data.

Key personnel are not available to complete tasks.

Ensure back up staff for all critical tasks.

Critical path tasks fall behind schedule due to
unforeseeable distractions and disruptions.

Limit project activities to those that are necessary to satisfy objectives.

PDT disagrees about technical analysis
procedures.

Defer to PDT project assignments (see above).

Nature of alternative FIRO strategy prevents
evaluation with selected metrics.

Disqualify alternatives from further consideration unless metrics can be adjusted and
applied in uniform manner for all alternatives.
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TECHNICAL MEMORANDUM

DATE: July 20, 2022
TO: Robert Hartman, Robert K. Hartman Consulting Services
FROM: Adam S. Hutchinson, Recharge Planning Manager

SUBJECT: ADJUSTED SANTA ANA RIVER BASEFLOW FOR FINAL VIABILITY
ASSESSMENT OF FORECAST INFORMED RESERVOIR OPERATIONS AT
PRADO DAM

This memorandum documents the work done to develop inflow to the Prado Basin from
the Santa Ana River (SAR) as part of the Final Viability Assessment (FVA) of Forecast
Informed Reservoir Operations (FIRO) at Prado Dam. This work was performed by the
Water Resources Engineering Team and falls within Task 2 of the team’s charter.

Task 2 is described as follows: Ensure modeling and observations are consistent
with the currently reduced levels of baseflow in the Santa Ana River above Prado
Dam. Subtasks include:

2a. Create an adjusted record of historical inflows to Prado Dam based on
current levels of reduced baseflow. Period to be 1990 through 2021 at daily time
step.

2b. Review CNRFC hydrologic model calibration to ensure the parameterization
reflects current baseflow conditions. Run 1990-current simulation and compare
with adjusted historical observations generated in 2a. Make model parameter
adjustments as required.

2c. Memorandum for the Record (MFR) describing the process used to adjust
the historical observations and the assessment of the CNRFC forecasting model
showing consistency with current baseflow conditions

Deliverables: Adjusted record of historical inflows to Prado Dam. MFR
describing the process used to adjust the historical observations and the
assessment of the CNRFC forecasting model showing consistency with current
baseflow conditions.

This memorandum (MFR) is the deliverable for Task 2a and part of 2c.
Santa Ana River Flows
Each year the Santa Ana River Watermaster determines the split of base flow and

storm flow arriving at Prado Dam and publishes this information in a report submitted to
the Superior Court of Orange County. This is a requirement of Case No. 117628,



OCWD vs City of Chino, et al. These data were used by OCWD staff to generate daily
inflow of base flow and storm flow to Prado Dam for the period Oct. 1, 1989 to
September 30, 2021, as shown on Figure 1.

Santa Ana River Daily Base and Storm Flow (per SAR Watermaster)
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Figure 1. Daily Base Flow (Orange) and Storm Flow (Blue) Arriving at Prado Dam
Per SAR Watermaster, Oct. 1989 to Sept. 2021

The reason this analysis was conducted is that base flows have declined significantly
since the early 2000s by as much as 50 percent or more. This is important because the
time to drain storm water temporarily retained behind Prado Dam will be affected by the
estimated base flow arriving at the dam. If historical data is used in the modeling work,
this could overestimate the time to drain storm water, which could affect management of
the water conservation pool and potential environmental impacts.

Adjusting SAR Base Flow

SAR base flow arriving at Prado Dam is primarily comprised of upstream discharges
from Wastewater Treatment Plants (WWTP) to the SAR and a minor amount of rising
groundwater. There is a strong correlation between WWTP discharges to the SAR and
the amount of base flow arriving at Prado Dam, as shown in Figure 2.
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Figure 2. Annual Wastewater Discharges to SAR and Base Flow Arriving at Prado
Dam (1969-2021)

Further decreases in WWTP discharges are planned in the future as water supplies
become scarcer and more expensive. To evaluate the potential impacts of reduced
WWTP discharges, storm water capture projects, and other activities that affect flows in
the SAR, an integrated surface/groundwater model (aka ISARM) was developed
(Geoscience, 2020. Upper Santa Ana River Integrated Model — Summary Report.
Prepared for San Bernardino Valley Municipal Water District, dated September 2020).
This model contained various scenarios with different project combinations. As shown
in Table 1, the average annual WWTP discharge for three scenarios are listed. The
estimated SAR base flow arriving at Prado Dam was calculated based on the
correlation shown in Figure 2 for data from 2006-2021. This period was selected
because it represents the more current declining trend in base flows.

Table 1. WWTP Discharges and Estimated SAR Base Flow for Three Scenarios

Average Annual WWTP Discharge (afy) 104,850 63,100 73,000
Estimated Average Annual SAR Base Flow (afy)
(Using 2006-21 correl) 70,900 33,500 42,300




For this evaluation, the All Projects (Scen 2b.1) Scenario is used to create a future daily
synthetic SAR base flow projection.

Daily flow arriving at Prado Dam for the All Projects Scenario from the ISARM was
adjusted to mimic the typical cycle of increasing base flows in the winter months and
declining base flows in the non-winter months until the annual total reached
approximately 42,000 af. The two most recent years of SAR Watermaster data were
used to guide the annual base flow pattern. Figure 3 shows the total daily inflow and
“synthetic” base flow for the All Projects Scenario (Scen 2b.1) and SAR Watermaster
flows for Water Years 19-20 and 20-21. Note that the spikes in total inflow for the All
Projects Scenario typically occurs during the winter months and includes storm flow.

SAR Watermaster Base Flow and ISARM Flow for Scen 2b.1
(1989)
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Figure 3. Total Inflow to Prado for All Projects Scenario (Scen 2b.1) and Synthetic
Base Flow. Also shown is the SAR Watermaster Base Flow for WY19-20 and
WY20-21.

This synthetic annual base flow was then combined with observed SAR Watermaster
storm flow (also shown on Figure 1) to generate a new total inflow condition. This is
shown on Figure 4.

The daily flow data shown on Figure 4 was provided to staff at the California-Nevada
River Forecast Center (CNRFC) for Task 2b.



Synthetic Santa Ana River Base Flow (Scen 2b.1) and Measured

Watermaster Storm Flow
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Figure 4. Synthetic SAR Base Flow for Scenario 2b.1 (Gray) and Measured

Watermaster Storm Flow (Blue).



HEC Simpler Forecast Operation Model (SFO)

This document is under preparation by HEC staff and will be placed into this location when complete.



Adjusted Scaled Hindcasts

 February 1998
— 2/9/1998 through 3/3/1998

e 100-yr —slides 2-25
e 200-yr —slides 26-49
 500-yr —slides 50-73




Adjusted Scaled Hindcast
1998 100-yr

2023-03-25
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—12/26/2005 through 1/17/2006
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Adjusted Scaled Hindcasts

e December 2020
—12/7/2010 through 12/29/2010

e 100-yr —slides 2-25
e 200-yr —slides 26-49
 500-yr —slides 50-73
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APPENDIX B-2



Frequency of Annual Maximum
Pool Elevation by WCP Alternative

* Spillway elevations of 543" and 563’

 WCP Alternatives
— No Forecast (NF)
— EFO
— SFO
— PFO (EFO w/perfect forecasts)
— SPFO (SFO w/perfect forecasts)

 Maximum buffer pool elevations in legend
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Frequency of Annual Maximum
Pool Elevation by Buffer Pool

* Spillway elevations of 543" and 563’

 Maximum buffer pool elevations
— 508’
— 510’
— 512’
— 514’
— 520’

 WCP alternatives in legend
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Frequency of Annual Maximum
Pool Elevation by Buffer Pool - Zoomed

* Spillway elevations of 543" and 563’

 Maximum buffer pool elevations
— 508’
— 510’
— 512’
— 514’
— 520’

 WCP alternatives in legend
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Frequency of Annual Maximum
Pool Elevation by Buffer Pool (NP)

* Spillway elevations of 543" and 563’

 Maximum buffer pool elevations
— 508’
— 510’
— 512’
— 514’
— 520’
 WCP alternatives in legend
— No perfect forecast results
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Frequency of Annual Maximum
Pool Elevation by Buffer Pool (NP) —
/oomed

* Spillway elevations of 543" and 563’

 Maximum buffer pool elevations
— 508’
— 510’
— 512’
— 514’
— 520’
 WCP alternatives in legend
— No perfect forecast results
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Frequency of Annual Maximum

Pool Elevation by Buffer Pool (NP/NF)

* Spillway elevations of 543" and 563’

 Maximum buffer pool elevations
— 508’
— 510’
— 512’
— 514’
— 520’
 WCP alternativesin legend
— Perfect Forecast results omitted
— No Forecast results omitted
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Prado Reservoir Annual Maximum Release Exceedance
Spillway crest = 563 ft., Buffer pool = 520 ft.
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Frequency of Annual Maximum
Pool Elevation by Buffer Pool (NP/NF)
/oomed

* Spillway elevations of 543" and 563’

 Maximum buffer pool elevations
— 508’
— 510’
— 512’
— 514’
— 520’
 WCP alternatives in legend
— Perfect Forecast results omitted
— No Forecast results omitted
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APPENDIX B-3



Frequency of Annual Maximum
Reservoir Release by WCP Alternative

e Spillway elevations of 543" and 563’

 WCP Alternatives
— No Forecast (NF)
— EFO
— SFO
— PFO (EFO w/perfect forecasts)
— SPFO (SFO w/perfect forecasts)

 Maximum buffer pool elevations in legend



Release (cfs)
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Spillway crest = 543 ft., Alterantive = SFO
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Release (cfs)
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Release (cfs)
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Frequency of Annual Maximum
Reservoir Release by Buffer Pool

e Spillway elevations of 543" and 563’

 Maximum buffer pool elevations
— 508’
— 510’
— 512’
— 514’
— 520’

 WCP alternatives in legend
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Release (cfs)

Prado Reservoir Annual Maximum Release Exceedance
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Frequency of Annual Maximum

Reservoir Release
by Buffer Pool - Zoomed

e Spillway elevations of 543" and 563’

 Maximum buffer pool elevations
— 508’
— 510’
— 512’
— 514’
— 520’

 WCP alternatives in legend
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Frequency of Annual Maximum
Reservoir Release by Buffer Pool (NP)

e Spillway elevations of 543" and 563’

 Maximum buffer pool elevations
— 508’
— 510’
— 512’
— 514’
— 520’
 WCP alternatives in legend
— No perfect forecast results
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Frequency of Annual Maximum

Reservoir Release
by Buffer Pool (NP) — Zoomed

e Spillway elevations of 543" and 563’

 Maximum buffer pool elevations
— 508’
— 510’
— 512’
— 514’
— 520’
 WCP alternatives in legend
— No perfect forecast results
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Frequency of Annual Maximum

Reservoir Release

by Buffer Pool (NP/NF)

e Spillway elevations of 543’ and 563’

 Maximum buffer pool elevations
— 508’
— 510’
— 512’
— 514’
— 520’
 WCP alternatives in legend
— Perfect Forecast results omitted
— No Forecast results omitted
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Frequency of Annual Maximum

Reservoir Release
by Buffer Pool (NP/NF) Zoomed

* Spillway elevations of 543" and 563’

 Maximum buffer pool elevations
— 508’
— 510’
— 512’
— 514’
— 520’
 WCP alternatives in legend
— Perfect Forecast results omitted
— No Forecast results omitted
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