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APPENDIX 2 

SUMMARY OF CONFLUENCE MODELING IN SUPPORT OF THE WSAC 

Introduction 

As the WSAC has done its work over the past months, the Confluence® model has been used to support 
those efforts by analyzing the performance of many supply/infrastructure alternatives under a variety of 
different planning scenarios. This modeling has resulted in a series of documents describing the 
modeling results. The purpose of this document is to summarize, in narrative form and in roughly 
chronological order, the key modeling milestones over the course of the project. 

This document concludes with a numbered list of the key documents that are referenced in the 
discussion. Such references in the text are followed by a number in parentheses that corresponds to the 
numbered memo in the list. All of the referenced memos are included as an attachment. 

The charts and tables shown in this Appendix represent the modeling results at the point in time being 
discussed. As the committee refined its supply/infrastructure alternatives and as Water Department and 
technical staff refined various assumptions, these results evolved. As better information becomes 
ŀǾŀƛƭŀōƭŜ ƛƴ ǘƘŜ ŦǳǘǳǊŜΣ ǘƘŜ ǊŜǎǳƭǘǎ ǿƛƭƭ ŎƻƴǘƛƴǳŜ ǘƻ ŜǾƻƭǾŜΦ ¢ƘǳǎΣ ƴƻƴŜ ƻŦ ǘƘŜǎŜ άǎƴŀǇǎƘƻǘǎ ƛƴ ǘƛƳŜέ 
ǎƘƻǳƭŘ ōŜ ŎƻƴǎƛŘŜǊŜŘ άŦƛƴŀƭέΦ  

Use of Confluence in Santa Cruz: A Brief History 

¢ƘŜ /ƻƴŦƭǳŜƴŎŜ ƳƻŘŜƭΩǎ ŦƛǊǎǘ ǳǎŜ ƛƴ {ŀƴǘŀ /ǊǳȊ ǿŀǎ ƛƴ ǎǳǇǇƻǊǘ ƻŦ ǘƘŜ LƴǘŜƎǊŀǘŜŘ ²ŀǘŜǊ tƭŀƴ όL²tύΣ ǿƘƛŎƘ 
was completed in 2003, with a brief addendum in 2005. The model was also used when the IWP 
modeling results were updated with newer information in 2010-2011. In addition to the IWP, 
Confluence has been used to assist Santa Cruz Water Department (SCWD) staff in analyzing the impacts 
of various other water resource issues that have arisen, including those arising from reductions in 
available flows associated with ongoing HCP negotiations with state and federal resource agencies, 
water rights, potential water transfers to neighboring districts, and various changes in system 
operations. The modeling in support of the WSAC has consolidated and updated much of the previous 
work. 

Review of Underlying Modeling Assumptions 

Before the WSAC began its work, SCWD staff initiated a process to carefully examine the assumptions 
that were embedded in the model, many of which had their roots in the IWP. That process identified a 
number of modeling assumptions that had to be changed because of better and more recent data 
becoming available in the intervening years. The final results of that review are shown in Figure 1. These 
assumptions provided the starting point for the WSAC work. 
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Figure 1.  Changes in Key Modeling Assumptions 

 

 

Baseline System Reliability Assuming Historic Flows (1,3) 

In February and March 2015, we used Confluence to do an initial analysis of baseline system reliability. 
This analysis assumed: 

¶ Current supplies, infrastructure, and system operations 

¶ The interim demand forecast developed by M.Cubed 

The analysis looked at the three available-flow alternatives:  
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¶ Natural flows, which assume no instream requirements beyond current water rights 

¶ City Proposed (Tier 3/2) flows 

¶ DFG-5 flows 

All of these flow sets are based on historic hydrology. The second and third of these are the two HCP 
flow assumptions which bound the current discussions with the California Department of Fish and 
Wildlife and the National Marine Fisheries Service.  

For the February meeting, Confluence was used to assess the performance of the baseline system 
against each of these flow regimes, assuming the mid-range interim demand forecast for 2020.1  

Figure 2 compares the peak-season shortage duration curves under each of these flow sets. Each curve 
shows the likelihood (horizontal axis) of peak-season shortages exceeding particular levels (vertical 
axes). For example, the worst-year peak-season shortages, assuming DFG-5 flows, is 1360 mg or 68%. 
This is reduced by more than half with City-Proposed flows, to 630 mg (32%). With DFG-5 flows, there is 
about a 5% likelihood of the peak-season shortages exceeding 600 million gallons (a 30% shortage). 
There is only a 1% likelihood of this occurring with City-Proposed flows. With Natural flows (i.e. without 
any HCP requirements for enhanced fish flows), the baseline system could serve demands fully even 
under the driest historic hydrologic conditions. 

                                                           

1
 From this point forward, all results assumed demands for forecast year 2020. Due to the very slow projected demand growth, 

results are very insensitive to the assumed forecast year. 
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Figure 2. Initial Baseline Peak-Season Shortages in 2020 Under 3 Available Flow Assumptions 

 

For the March meeting, we assessed the degree to which these results varied with the high and low 
interim demand forecasts. Figure 3 and  

Figure 4 respectively compare the results for City Proposed and DFG-5 flows. The reliability profiles for 
the three alternative demand projections are similar. However, there are noticeable differences in the 
driest years, particularly for the City Proposed flows and particularly for the low interim demand 
forecast. For the driest year (1977), the low-end forecast results in a peak-season shortage that 
decreases from just over 30% for the mid-range forecast to close to 20% for the low forecast. 

Based on these results, the committee decided to focus subsequent analyses on the mid-range demand 
forecast. 
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Figure 3. Peak-Season Shortage Duration Curves: Forecast Year 2020, City Proposed Flows 

 

 

Figure 4. Peak-Season Shortage Duration Curves: Forecast Year 2020, DFG-5 Flows 

 

 

 

Baseline System Reliability in an Extended Drought (2,4) 

The historic record contains several drought events, the most notable being 1976-77 and 1987-92. But 
this 73-year record only extends from 1937-2009. Studies of tree ring and other data that go back 
millennia make it clear that this record may well overstate long-term water availability in Santa Cruz. In 
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particular, there have been longer and more severe droughts than occurred during our 73-year period. 
In addition, the consensus of current-day predictions of the future impacts of climate change is that one 
of these impacts may be longer, harsher, and more frequent droughts. The WSAC therefore thought it 
important to define an extended-drought scenario against which to evaluate the reliability of the 
baseline system. 

The staff and the technical team examined several possible ways to define a synthesized extended 
drought, and settled on an 8-year event which is a consecutive sequence of the two worst events in our 
historic record, namely 1976-77 followed by 1987-92. We analyzed the baseline system response to 
such an event assuming City Proposed and DFG-5 flows. The results are summarized in Table 1. 

Table 1. Extended Drought Peak-Season Shortage Statistics 

 
City 

Proposed 
DFG-5 

Total  8-Year (mg) 702 5,108 

Average 4% 32% 

Maximum 32% 67% 

Minimum 0% 6% 

Years > 20% 1 6 

 

Assuming City Proposed flows, the only year of the extended drought in which the system experiences 
significant shortages is the second (1977) year, when the shortage exceeds 30%. The picture is very 
different with DFG-5 flows. Significant system shortages persist throughout the sequence with more 
than 5 billion gallons of peak-season demand going unserved over the 8 years. Peak-season shortages 
average more than 30%, with 6 of the 8 years having shortages that exceed 20% (and one additional 
year just under that).  

In sum, we found that the ability of the current supply system to respond to this extended drought 
depends critically on the assumed outcome of the HCP negotiations. 

Baseline System Reliability with Climate Change (5,6) 

Confluence modeling of the Santa Cruz system dating back to the IWP has been based on the underlying 
assumption that the distribution of future weather and streamflows will look like the historic record. 
Thus, across hundreds of modeling runs, the essential characteristics of the flow record have remained 
unchanged. The worst drought event corresponded to 1976-77. There was another major drought 
corresponding to 1987-92. We knew which years in the record were very wet and which were 
exceptionally dry. 

That no longer applies when we analyze how the system will respond to climate change. The essence of 
analyzing climate change is the assumption that future weather and streamflows will not be the same as 
the past. While the future is inherently uncertain, that uncertainty is exacerbated when it comes to the 
impacts of climate change on weather and streamflows, particularly impacts on a local area.  

Shawn Chartrand of Balance Hydrologics developed a flow set based on the GFDL General Circulation 
Model (GCM) and the A2 emission scenario. This GCM/emission scenario is just one of many that could 
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have been chosen to illustrate climate change impacts. It was chosen because it seemed to represent a 
plausible climate change future against which to assess Santa Cruz system performance. It also 
ǊŜǇǊŜǎŜƴǘǎ ŀ D/aκŜƳƛǎǎƛƻƴ ǎŎŜƴŀǊƛƻ ŀǇǇǊƻǾŜŘ ōȅ ǘƘŜ ǎǘŀǘŜΩǎ /ŀƭ!ŘŀǇǘ ǇǊƻƎǊŀƳ ŦƻǊ ŘŜǾŜƭƻǇƛƴƎ 
projections of climate change impacts in the state. The flow set resulting from applying this modelΩǎ 
suite of precipitation and temperature projections no longer has a 1976-77 worst-case drought 
benchmark or a 1987-92 sequence. As is illustrated in Figure 5 for City proposed flows at Big Trees, the 
distribution of flows is completely different than that of the historic record.  

Figure 5. Comparison of Annual Flows at Big Trees: City Proposal 

 

Figure 6 and Figure 7 show respectively the peak-season shortage duration curves assuming City 
Proposed and DFG-5 flows and interim mid-range 2020 forecasted demand.  
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Figure 6. Peak-Season Shortage Duration Curves with and Without Climate Change:  
City Proposed Flows 

 

 

Figure 7. Peak-Season Shortage Duration Curves with and Without Climate Change:  
DFG-5 Flows 

 

While the types of impacts shown in Figures 6 and 7 are similar to those in Figures 3 and 4, their 
magnitudes with DFG-5 are much increased. For example, with DFG-5 fish flows, a shortage exceeding 
25% can be expected in about one of every two years with climate change, compared to approximately 
1 of 10 years with historic flows. 
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Revised Interim Demand Forecast (7,8) 

In April 2015, M.Cubed slightly revised the interim demand forecast. Figure 8 shows the peak-season 
shortage duration curves with historic DFG-5 flows. Figure 9 shows the corresponding curves with DFG-5 
flows assuming climate change. 

Figure 8. Peak-Season Shortage Duration Curves with Historic DFG-5 Flows 

 

Figure 9. Peak-Season Shortage Duration Curves with Climate Change DFG-5 Flows 
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Comparing Figure 8 to Figure 4 and the mid-range curve of Figure 9 to Figure 7, it is apparent that the 
revision to the interim demand forecast had little impact on system reliability. 

Analysis of Consolidated Alternatives (9-13) 

The April/May WSAC meeting marked the start of the modeling of the manner in which supply/ 
infrastructure alternatives address the reliability issues identified to that point. Analyses were 
performed on the following Consolidated Alternatives (CAs): 

¶ Harvesting Winter Flows (CA-9, CA-16, CA-18) 

¶ Ranney Collectors and Additional Storage (CA-19) 

¶ North Coast Reclaimed Water Exchange (CA-13) 

¶ Indirect Potable Reuse (CA-10) 

¶ Additional Water Conservation (Program CRec) (CA-03) 

These initial analyses each compared the reliability profiles of each of these alternatives ς as 
represented by the peak-season shortage duration curves ς to that of the base case (no new 
supply/infrastructure) as shown above in Figure 7. For example, Figure 10 shows the corresponding 
curves for CA-19 (Ranney Collectors and Additional Storage). Similar curves were developed for the 
other CAs. 

Figure 10. Peak-Season Shortage Duration Curves with Ranney Collectors & Virtual Storage: DFG-5 Flows 

 

 

Analysis of Portfolios (14) 

By the June WSAC meeting, the Consolidated Alternatives considered above had evolved into several 
portfolios. All of the portfolios included the CRec conservation programs (CA-3). In addition, each 
portfolio included a Plan A and a Plan B. The initial supply/infrastructure additions represented by Plan A 
depended in whole or in part on storing excess winter flows in groundwater aquifers. The Plan B 
additions consisted of drought-resistant supplies that did not vary with streamflow.  
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The portfolios were refined in several iterations, and the final set that was discussed at the June meeting 
was intended to enable the committee to wrestle with different adaptive approaches to dealing with the 
uncertainties associated with all of the alternatives, particularly the abilities of the regional aquifers to 
store and allow recovery of significant volumes of water. Resolution of these uncertainties requires a 
robust program of groundwater modeling, analysis, and testing, and the portfolios recognized the 
significant risk of simply relying on the Plan A alternatives.  

Included in the portfolios were alternatives that had not been modeled previously, including:  

¶ In-Lieu Storage. This alternative uses excess winter flows to directly serve the demands of the 
Scotts Valley and Soquel Creek Water Districts to enable them to draw less water from the 
groundwater basins. This άǇŀǎǎƛǾŜ ǊŜŎƘŀǊƎŜέ option is distinguished from Aquifer Storage and 
Recovery (ASR) in that the latter requires άŀŎǘƛǾŜ ǊŜŎƘŀǊƎŜέ Ǿƛŀ injection of water into the 
aquifer. The volume of in-lieu storage is limited by the demands of the districts.  

¶ Direct Potable Reuse (DPR). In contrast to Indirect Potable Reuse (IPR) that directs highly-
purified recycled water to surface or groundwater storage, the highly-treated DPR supplies are 
blended with other source waters, treated again at the drinking water treatment facility 
(Graham Hill Water Treatment Plant), and then directed to the distribution system to meet 
customer demand. 

¶ Deepwater Desalination. This project,  being planned in Moss Landing, could provide water to 
Santa Cruz.  

One of many assumptions on which the analysis of the groundwater storage alternatives was based was 
the loss rate. It would be unrealistic to assume that every gallon of water that is stored in an aquifer 
(either through direct injection or through in-lieu storage) is recoverable. For purposes of our modeling, 
it is assumed that 80% of the ASR injected water is recoverable. This is a function of assumed physical 
characteristics of the aquifers. For in-lieu, it is assumed that 60% of the water conveyed to neighboring 
water districts is available to Santa Cruz, a function of both assumed aquifer characteristics and the 
outcoƳŜ ƻŦ ŘƛǎŎǳǎǎƛƻƴǎ ǿƛǘƘ ǘƘŜ /ƛǘȅΩǎ ƴŜƎƻǘƛŀǘƛƴƎ ǇŀǊǘƴŜǊǎ. 

It was decided that, from this point forward, all analyses of the system reliability impacts of supply/ 
infrastructure alternatives would assume DFG-5 flows and climate change. The measure used to 
compare the water supply reliability of the portfolios was peak-season yield, which is defined as the 
reduction in peak-season shortages that are realized when each portfolio component is fully operational, 
i.e. when all technical and institutional (legal, regulatory, public acceptance) uncertainties have been 
successfully resolved. Of course, these modeled yield estimates are based on the infrastructure and 
operational assumptions associated with each component.  

Table 2 shows the yield estimates that were developed for each of the portfolios. Peak-season yields are 
shown for the worst hydrologic year as well as for the average across all hydrologic conditions. These 
two measures of yield are limited respectively by the worst-year and average modeled peak-season 
shortages (1110 mg and 340 mg respectively).  

The right-hand column of the table also shows the average annual Scotts Valley and Soquel Creek 
demand served by the supply options. The estimated combined annual demand of the two districts is 
1530 mg. Note that these demands are served in whole or in part not only by in-lieu storage options, but 
also by excess supply available from the drought-proof options (IPR, DPR, and Deepwater Desal). 
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Table 2. Portfolio Yield Estimates 

 

Econometric Demand Forecast (15) 

Between the June and July meetings, David Mitchell (M.Cubed) transmitted the results of the 
econometric demand forecast. The results did not differ significantly from the revised interim forecast, 
so it was determined that, for the sake of consistency, we would continue to base our modeling runs on 
the revised interim forecast.  

Potential Felton Diversion Enhancements (16) 

The WSAC process provided an opportunity to explore in detail ways to more effectively capture excess 
winter flows. In advance of the July meeting, we used the Confluence model to analyze the impact of 
several operational and infrastructure changes that affect the timing and volumes of diversions from 
Felton to Loch Lomond. The results of this analysis were presented immediately prior to the July 
meeting to a group of committee members and members of the public.  

Worst-Year Yield Average-Year Yield

Portfolio 1

CRec 130 100

Plan A-1: CRec+Winter Flow In-Lieu 

Recharge
140 110 490 (32%)

Plan A-2: CRec+Reduced Lake 

Minimum by 500 mg+In-Lieu Recharge
140 110 750 (49%)

Plan B: A-2+IPR to Lake 1110 340 1530 (100%)

Portfolio 2

CRec 130 100

Plan A: CRec+ASR 1110 340 --

Plan B: CRec+ DPR 1110 340 870 (57%)

Portfolio 3

CRec 130 100

Plan A: CRec+ASR+Recycled to 

Seawater Barrier
1110 340

Plan B: CRec+DPR 1110 340 870 (57%)

Portfolio 4

CRec 130 100

Plan A: CRec+ASR+DW Desal 1110 340 1530 (100%)

Plan B: CRec+DW Desal 760 330 1070 (70%)

Santa Cruz Yields (mg)
Average Annual Combined 

SV & SqC Demand Served 

In-Lieu of Groundwater 

Draw (mg)
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The following changes were examined: 

Operational Changes 

¶ Removing current first flush constraint 

¶ Removing current turbidity constraint 

Infrastructure Improvements 

¶ Replacing existing pipe between Felton and Loch Lomond 

¶ Adding a second pipe between Felton and Loch Lomond, so that there will be one pipe 
dedicated to fill and another to draw) 

¶ Improving the pump configuration at the Felton diversion 

Table 3 shows the reductions in peak-season shortages associated with various configurations of these 
changes, assuming climate change and DFG-5 flows. The results lead to the following key conclusions: 

¶ If the Water Department determines it is feasible to relax the first flush constraint or remove it 
completely in dry years, lake fill and water supply reliability could improve significantly. 

¶ Replacement of the current hydraulically-limited pipe with one that does not suffer from such 
limitations also provides important benefits, but if the first flush constraint remains, the new 
pipe would not reduce shortages in the driest year. 

¶ Once the pipe is replaced, improving the current pump configuration at the Felton diversion to 
enable full utilization of the permitted pumping rate will further improve system reliability, but 
again as long as the City cannot divert prior to first flush, there are no worst-year benefits.  

¶ Combining these three actions would provide even greater benefits, including significant 
reductions in worst-year shortages. 

¶ Neither removing the Felton turbidity constraint or adding a second pipe between Felton and 
the lake provides any additional benefits. 

 

Analysis of Building Blocks 

Before the July meeting, the portfolios in Table 2 were broken into building blocks. To help the 
committee in its deliberations, the consulting team created the summary table shown in Table 4. 
The entries in that table were based on updated runs of the Confluence model as well as preliminary 
cost and energy savings estimates developed by Brown and Caldwell. This table was updated several 
times between this version and the final WSAC meeting, as new information and refined 
configurations were developed. The final version is shown in Table 7. 
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Table 3. Comparison of Peak-Season Shortages Under Alternative Felton Infrastructure and 
Operational Changes 

Configuration 
Worst-Year Peak Season Shortage Average-Year Peak Season Shortage 

Volume (mg) Percent Volume (mg) Percent 

Current 1110 57% 340 17% 

No First Flush 950 49% 230 12% 

Replacement Pipe 1110 57% 250 13% 

No First Flush & 
Replacement Pipe 

780 40% 130 7% 

Replacement Pipe & 
Pump Improvements 

1110 57% 190 10% 

No First Flush, 
Replacement Pipe & 
Pump Improvements 

650 33% 80 4% 

 

Table 4. Interim Building Block Summary Table 

  

At the August meeting, these building blocks were recombined by several committee subgroups into 
different strategies that reflected differing preferences and risk tolerances. Each subgroup presented its 
ideas to the committee as a whole, which generated questions and discussion. Subsequent to that 
meeting, various supplemental analyses were done to help the committee better understand the 
building blocks and strategy alternatives and move toward consensus.  

The first issue that had to be addressed was the impact of a correction that M.Cubed made to the 
econometric demand forecast (17). This correction increased the forecast demand by between 200 and 
250 mgy. The impact of this change on the base-case (no added supply or infrastructure) peak-season 
shortage profiles was analyzed (18). The results are shown in Figure 11, which shows that the worst-year 
peak-season shortage with 2020 demands goes up about 100 mg, from 1.1 bg to 1.2 bg. The distribution 
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of peak-season shortages across other hydrologic conditions is also affected. The average peak-season 
shortages over these distributions differ by about 120 mg (~340 mg vs. 460 mg). 

Figure 11. Impact of Corrected Econometric Forecast on Base Case Peak-Season Shortage Profile. 

 

Using this corrected econometric demand forecast along with a variety of updates to sizing and 
infrastructure assumptions and minor modeling refinements, the yields and remaining peak-season 
shortages were re-analyzed (19). The results are shown in Table 5. 

Table 5. Updated Peak-Season Yield Estimates (mg) 

  Worst Year Average 

Element 
Peak-

Season 
Yield 

Remaining 
Peak-Season 

Shortage 

Peak-
Season 
Yield 

Remaining 
Peak-Season 

Shortage 

  mg mg % mg  mg % 

Base Case -- 1230 63% -- 470 24% 

In-Lieu 750 480 25% 350 120 6% 

ASR 760 470 24% 380 90 5% 

Combined In-Lieu, ASR 760 470 24% 380 90 5% 

DPR (3 mgd) 810 420 22% 440 30 2% 

DW Desal (3 mgd) 810 420 22% 440 30 2% 

Local Desal (3 mgd) 810 420 22% 440 30 2% 

 

These results were supplemented by an analysis of the yields of different IPR configurations (20), with 
results as shown in Table 6. 
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Table 6. Peak-Season Yields of IPR Configurations 

 

Worst Year Average 

Yield 
Remaining Peak-
Season Shortage 

Yield 
Remaining Peak-
Season Shortage 

 IPR @ 3 mgd: mg mg % mg mg % 

     To Loch 660 570 29% 430 40 2% 

     To Aquifer (4 mgd withdrawal) 740 490 25% 380 90 5% 

     To Aquifer (8 mgd withdrawal) 1190 40 2% 465 5 0% 

 

All of these results were combined into a final summary table as follows: 

Table 7. Final Elements Summary Table: September 29, 2015 

  Element 1 2 3a 3b 3c 3d 

  Building Block Approach  In-Lieu 

ASR and     
In-Lieu 

Combined* 

 DPR 
Small       

(3 mgd) 

IPR-
Loch (3 
mgd) 

IPR-GW   
(3 mgd) 

Local 
Desal   

(3mgd) 

a Capital Cost  ($ M) 131 159 89 132 119 147 

b Annual O&M cost ($ M/yr) 2.6 3.7 3.5 5.2 4.2 3.9 

c Total Annualized Cost ($ M/yr) 11.6 14.6 9.6 14.3 12.4 14.0 

d Present Value Costs ($M) 185 237 162 241 207 229 

e Energy Use (MWH/MG) 5.8 6.5 8.3 9.3 8.8 12.5 

h Worst Year Yield (MG) 750 760 810 660 740 810 

i Average Year Yield (MG) 350 380 440 430 380 440 

j 
Worst year yield unit cost (Total 
Ann Cost/Wst Yr Yield) 

 
$15,500 $19,300 $11,900 $21,600 $16,700 $17,300 

k 
Average year yield unit cost 
(Total Ann Cost/Ave Yr Yield) $33,200 $38,500 $21,900 $33,200 $32,600 $31,800 

l 
Worst Year Peak Season 
Shortage (MG) 480 470 420 570 490 420 

m 
Worst Year Peak Season 
Shortage (%) 25% 24% 22% 29% 25% 22% 

n 
Average Year Peak Season 
Shortage (MG) 120 90 30 40 90 30 

o 
Average Year Peak Season 
Shortage (%) 6% 5% 2% 2% 5% 2% 

 
* Both the costs and yields in this column reflect the combined costs of implementing both in-lieu and ASR. 

 

Next Modeling Steps 

As the Water Department moves forward with the water supply strategy recommended by the WSAC, it 
will need to update the Confluence modeling runs to incorporate the results of the studies that will be 
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undertaken and to thoroughly understand the implications of infrastructure sizing and configuration 
alternatives and operational regimes. Such modeling will address issues that may include: 

¶ Aquifer availability and recovery 

¶ Assumed in-lieu/ASR well and transmission capacities 

¶ Conjunctive operation of Loch Lomond and aquifer storage 

¶ Alternative operations of drought-proof supplies (IPR, DPR) in conjunction with Loch Lomond 

¶ Relaxing first flush and/or turbidity constraints 

¶ Ranney collectors with direct diversion from Felton 

¶ Alternative magnitudes/seasonal patterns of water conservation savings 

These are examples of the types of issues that may need to be addressed. It is not an exhaustive list. 
Other issues will undoubtedly arise. 
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Date: February 4, 2015 
From: Gary Fiske 
To: Water Supply Advisory Committee 
Re: Baseline System Reliability 

This memorandum describes the results of my analysis of baseline system reliability. Because the Santa 
Cruz water system is primarily dependent on surface water, its performance in any year is a function of 
ǘƘŀǘ ȅŜŀǊΩǎ ŀƴŘ ƛƳƳŜŘƛŀǘŜƭȅ ǇǊƛƻǊ ȅŜŀǊǎΩ ƘȅŘǊƻƭƻƎȅΦ {ƛƴŎŜ rainfall in any year is highly uncertain, the 
ǉǳŜǎǘƛƻƴ ƻŦ άƘƻǿ ǊŜƭƛŀōƭŜ ƛǎ ǘƘŜ ǎȅǎǘŜƳΚέ ƛǎ ŀ ŎƻƳǇƭƛŎŀǘŜŘ ƻƴŜ ǘƻ ŀƴǎǿŜǊΦ {ŜǾŜǊŀƭ ŀǇǇǊƻŀŎƘŜǎ ŀǊŜ ǳǎŜŘ 
in this memo; other suggestions by the committee would be welcome. 

DEFINING THE BASELINE 

The baseline is defined by: 

¶ Current supplies and infrastructure 

¶ The interim demand forecast 

The Confluence® model was used to assess the performance of the baseline against each of three flow 
regimes. The second and third of these are the two HCP flow assumptions which bound the current 
discussions with the California Department of Fish and Wildlife and the National Marine Fisheries 
{ŜǊǾƛŎŜ όŎƻƭƭŜŎǘƛǾŜƭȅ ǘƘŜ άŀƎŜƴŎƛŜǎέύΥ 

¶ Natural flows, which assume no HCP instream requirements 

¶ City Proposed (Tier 3/2) flows 

¶ DFG-5 flows 

System performance with each of these three flow assumptions is assessed against forecasted 2020 and 
2035 demands. 

!ƭƭ ƻŦ ǘƘŜǎŜ Ŧƭƻǿ ǎŜǘǎ ŀǊŜ ōŀǎŜŘ ƻƴ ƘƛǎǘƻǊƛŎ ƘȅŘǊƻƭƻƎȅΦ 5ŀƛƭȅ Ŧƭƻǿǎ ŀǘ ŜŀŎƘ ƻŦ ǘƘŜ /ƛǘȅΩǎ Ǉƻƛƴǘǎ ƻŦ ŘƛǾŜǊǎƛƻƴ 
have been either gauged or estimated over a 73-year historic period (1937-2009). All of the baseline 
results that follow assess future system performance assuming that the distribution of future hydrology 
will look like this historical record. This is a very big assumption. Climate change may make future 
hydrology drier than this 73-year period, with different seasonal patterns of rainfall, and longer and 
more severe droughts. As we continue to work with the WSAC, we will be modeling various alternative 
assumptions about how climate change may modify historical flow patterns.  

EXISTING SUPPLY ASSUMPTIONS 

!ǎ ŘŜǎŎǊƛōŜŘ ōȅ IŜƛŘƛΩǎ ƳŜƳƻ ǘƻ ǘƘŜ ŎƻƳƳƛǘǘŜŜΣ ǘƘŜ ŜȄƛǎǘƛƴƎ ǎȅǎǘŜƳ Ŏƻƴǎƛǎǘǎ ƻŦ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǎǳǇǇƭȅ 
sources, listed in the order that they are dispatched to meet demand on any day: 

¶ North Coast diversions 

G A R Y  F I S K E  A N D  A S S O C I A T E S ,  I N C .  
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¶ Tait Street diversion and wells 

¶ Live Oak wells 

¶ Loch Lomond reservoir 

In addition, whenever possible, water is diverted from Felton to Loch Lomond. 

DEMAND FORECAST 

!ǎ ŘŜǎŎǊƛōŜŘ ƛƴ 5ŀǾƛŘ aƛǘŎƘŜƭƭΩǎ ƳŜƳƻǊŀƴŘǳƳ ǘƻ ǘƘŜ ŎƻƳƳƛǘǘŜŜΣ ǘƘŜ нлмр-2035 demand forecast is as 
shown in Figure 12. This is a forecast of unconstrained demand, i.e., the volume of water that Santa Cruz 
municipal and industrial customers would use without any curtailments or other restrictions imposed by 
the utility. 

After increasing for the next several years, annual demand is forecast to slowly decrease between 2020 
and 2035 (by a total of about 175 mg). Thus, we would expect baseline system reliability to slightly 
improve between these years. 

Figure 12. Interim Annual Demand Forecast 

 

BASELINE SYSTEM RELIABILITY 

Definition of Terms 

To understand what follows, two terms must be defined: 

Shortage:  A shortage occurs when the system is unable to provide sufficient water to serve 
unconstrained customer demand. 
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System reliability: The projected frequency and magnitude of future system shortages.  

System Reliability Metrics 

In Santa Cruz, since the vast bulk of shortages occur in the peak-season (May-October), all of our 
reliability measures are for that period.2 There are many ways to portray system reliability. For purposes 
of this presentation, we use the following three approaches, which are in increasing order of complexity 
and completeness: 

¶ Worst-year peak-season shortage. This is a single number that represents the expected peak-
season shortage under the worst historical hydrologic conditions. (These worst conditions 
occurred in the 1977 drought.) While very important and easily understood, such a single 
number only provides information about shortages under one of the 73 historic hydrologic 
conditions. It does not tell us about what magnitudes of shortage, if any, might occur under less 
severe conditions. 

¶ Peak-season shortage profile. This shows the likelihood of peak-season shortages within 
different ranges. 

¶ Peak-season shortage duration curve. Such a curve provides a complete graphical depiction of 
how often different size peak-season shortages can be expected to occur. 

In what follows, these measures are expressed both as volumes (millions of gallons) and as percentages 
of unconstrained peak-season demand. 

Worst-Year Peak Season Shortages 

Table 8 compares the worst-year peak-season shortages under the three flow regimes for forecast years 
2020 and 2035. With Natural flows (i.e. without any HCP requirements for enhanced fish flows), the 
baseline system could fully serve future demands even under worst hydrologic conditions. The City 
Proposed (Tier 3/2) HCP flows result in a worst-year peak season shortage in 2020 of more than 600 mg 
or 32%; by 2035 this is forecast to decrease to 500 mg. The more stringent DFG-5 flow proposal would 
result in extremely severe worst-year peak-season shortages, approaching 1.4 billion gallons in 2020. 

Table 8.  Expected Worst-Year Peak-Season Shortages  

FLOWS 
2020 2035 

Volume 
(mg) 

Percent 
Volume 

(mg) 
Percent 

Natural 0 0% 0 0% 

City Prop 630 32% 500 26% 

DFG-5 1360 68% 1220 64% 

 

                                                           

2
 In some years, there are small additional shortages immediately following the peak season (i.e., in November) before the fall 

rains begin in earnest. It is possible that these off-peak shortages may become more significant if future flows are different due 
to climate change. 
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Peak-Season Shortage Profiles 

Table 9 and Table 10 show respectively the forecasted peak-season shortage profiles in 2020 and 2035.3 

Table 9.  2020 Shortage Profiles 

FLOWS 

Likelihood of Peak-Season Shortages  

0% <15% 15%-25% 25%-50% >50% 

0 <300 mg 300-500 mg 500-1000 mg >1000 mg 

Natural 100% 0% 0% 0% 0% 

City Prop 92% 7% 0% 1% 0% 

DFG-5 90% 1% 4% 3% 1% 

 

Table 10.  2035 Shortage Profiles 

FLOWS 

Likelihood of Peak-Season Shortages  

0% <15% 15%-25% 25%-50% >50% 

0 <285 mg 285-475 mg 475-950 mg >950 mg 

Natural 100% 0% 0% 0% 0% 

City Prop 97% 1% 0% 1% 0% 

DFG-5 90% 1% 4% 3% 1% 

 

Several conclusions can be drawn from these profiles: 

¶ With Natural flows, there are no shortages of any magnitude under any hydrologic condition. 
Since we saw above that there are no expected shortages under worst-year conditions, this is 
not surprising. 

¶ As expected, the DFG-5 profile is worse (i.e. results in a higher likelihood of larger shortages) 
than the profile for City Proposed flows. For example, in both forecast years, there is about an 
8% likelihood (6 out of 73 years) of a peak-season shortage larger than 15% under DFG-5. This 
compares to around 1% (1 out of 73 years) under the City Proposal. 

¶ Even under the most stringent flow regime (DFG-5), there are no expected shortages in 90% of 
ƘƛǎǘƻǊƛŎ ƘȅŘǊƻƭƻƎƛŎ ŎƻƴŘƛǘƛƻƴǎΦ ¢ƘŜ /ƛǘȅΩǎ ǎǳǇǇƭȅ ǊŜƭƛŀōƛƭƛǘȅ ŎƘŀƭƭŜƴƎŜǎ ŀǊŜ ƛƴ ǘƘŜ ŘǊƛŜǎǘ ȅŜŀǊǎΦ 

¶ While similar, the 2035 profiles are slightly more favorable than the 2020 profiles due to the 
somewhat lower forecast demand. 

  

                                                           

3
 Note that the totals in any row may not add to 100% due to rounding. 
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Peak-Season Shortage Duration Curves 

Figure 13 compares the 2020 peak-season shortage duration curves across all 73 historic hydrologic 
conditions for the three flow sets. Figure 14 shows the same comparison for 2035.  

Figure 13.  Peak-Season Shortage Duration Curves: 2020 

 

 

Figure 14.  Peak-Season Shortage Duration Curves: 2035 
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Thus, for example, in 2020 under DFG-5 flows, there is about a 5% likelihood of a peak-season shortage 
of 600 mg or more (see blue-dashed lines in Figure 13). The curves clearly illustrate how much more 
severe the supply reliability challenges would be under DFG-5 than under the City Proposal. Moreover, 
when the two charts are compared, the slight improvement between 2020 and 2035 is evident. 

Both the worst-year shortages in Table 8 and the shortage profile tables in Tables 2 and 3 are based on 
the data underlying these charts. 

Figures 4 and 5 are duration curves for 2020 (expressed as peak-season shortage percentages) broken 
down by year type. Figure 15 shows that in 2020, assuming City Proposed flows, there is about a 15% 
likelihood of a Critically-Dry year having at least a 15% shortage. Figure 16 shows that probability rising 
to about 55% with DFG-5 flows (plus about a 10% likelihood of such shortages in Dry years). Results in 
2035 (not shown) are slightly more favorable. 

Figure 15. 2020 Peak-Season Percent Shortage Duration Curves by Year Type: City Proposed Flows 

 

 

Figure 16.  2020 Peak-Season Percent Shortage Duration Curves by Year Type: DFG-5 Flows 
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Key Conclusions 

Under baseline conditions, and assuming that future hydrology looks like the historic record, the City 
would have sufficient supply to serve its demands in the absence of any HCP flow restrictions. While the 
outcome of the HCP negotiations with the agencies is uncertain, we assume that the two flow proposals 
currently being discussed bound that outcome. Under either of those proposals, the City faces peak-
season shortages in the driest hydrologic conditions. In those driest years, those shortages can be 
significant, around 600 million gallons under City-Proposed flows and close to 1.4 billion gallons under 
DFG-5 flows. 
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Date: February 24, 2015 
From: Gary Fiske 
To: Rosemary Menard, Bob Raucher, Karen Raucher, Shawn Chartrand, Heidi Luckenbach, Toby 
 Goddard, Kevin Crossley 
Re: 2nd UPDATED Analysis of Extended Droughts  

The following results add a third drought sequence to my February 22 memo on system performance 
under extended droughts. The three sequences are: 

1. An 8-year drought following the San Francisco model, i.e. the 1987-92 historic period followed 
by a 1976-77 sequence. 

2. A shorter (6-year) but much more severe event, i.e., the 1976-77 sequence followed by 4 
additional years with 1977 hydrology. 

3. An 8-year sequence that reverses # 1, beginning with the 1976-77 historic period followed  by 
the 1987-92 historic sequence. 

The approach is identical to that described in the February 22 memo. The results for sequences 1 and 2 
are identical to that memo. The results for sequence 3 are added.  

RESULTS  

Extended Drought Sequence # 1: The San Francisco 8-Year Drought 

Figures 1 and 2 show, respectively, the peak-season volumetric and percentage shortages for each year 
of the 8-year drought sequence. 
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Figure 17.  Peak-Season Shortages (mg): San Francisco 8-Year Extended Drought 

 

 

Figure 18.  Peak-Season Percentage Shortages: San Francisco 8-Year Extended Drought 
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Figure 19.  End-of-Month Lake Levels (mg):  San Francisco 8-Year Extended Drought  

 

With City Proposed flows, this extended drought is fairly manageable, with peak-season shortages 
staying at zero for the first 6 years of the cycle and rising above 10% only in the final of the 8 years. With 
DFG-5 flows, shortages are in the 20%-40% range in years 2-5 and exceed 65% by the final year. 

Extended Drought Sequence # 2: The 6-Year Deep Drought 

Figures 4-6 show the analogous results for this shorter but more severe extended drought. 

Figure 20.  Peak-Season Shortages (mg): Extremely Severe 6-Year Extended Drought 
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Figure 21.  Peak-Season Percentage Shortages: Extremely Severe 6-Year Extended Drought 

 

 

Figure 22. End-of-Month Lake Levels (mg):  Extremely Severe 6-Year Extended Drought 
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60% of peak-season demand with City Proposed flows and only 30% of peak-season demands with DFG-
5 flows.  

One other comǇŀǊƛǎƻƴ ƛǎ ǊŜǾŜŀƭƛƴƎΦ DŜƴŜǊŀƭƭȅΣ ŀǎ ǿŜΩǾŜ ŀƴŀƭȅȊŜŘ ƘƛǎǘƻǊƛŎ ŦƭƻǿǎΣ ǘƘŜǊŜ ƛǎ ǾŜǊȅ ƭƛǘǘƭŜ 
shortage outside the peak-season months (May-October). As Figure 7 shows, that is not the case for this 
severe extended drought if available flows are governed by the DFG-5 flow rules. The critical season is 
expanded well beyond May through October. (This impact is also seen in the 8-year shallower drought, 
but to a much lesser extent.) 

Figure 23. Peak-Season vs. Annual Shortages (mg):  
Extremely Severe 6-Year Extended Drought, DFG-5 Flows 
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Figures 8-10 show the results for this sequence. 

0

200

400

600

800

1000

1200

1400

1600

1800

2000

1976 1977 1977 1977 1977 1977

Peak Season

Annual



6 

Gary Fiske and Associates 

Figure 24.  Peak-Season Shortages (mg): 1976-77 Followed by 1987-92 

 

 

Figure 25.  Peak-Season Percentage Shortages: 1976-77 Followed by 1987-92 
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Figure 26.  End of Month Lake Levels (mg): 1976-77 Followed by 1987-92 
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Date: March 2, 2015 
From: Gary Fiske 
To: Water Supply Advisory Committee 
Re: Baseline System Reliability with Alternative Interim Demand Forecasts  

Using the high and low interim demand forecasts that David Mitchell developed, I analyzed baseline 
system performance and compared those results to those presented at the February meeting. This 
memorandum reports the results. 

In order not to overwhelm the committee with too much redundant information, we decided to 
denominate the peak-season shortage duration curves as percentages rather than volumes. We felt this 
was more useful since it gives a feel for how much and how often customers would have to cut back. 
However, we also realize that there will be times when it is important to think about shortages as 
volumes. The following conversion table is intended to make it easier to move back and forth between 
the two. For the three alternative interim demand forecasts, the table shows the approximate peak-
season volumes that correspond to different shortage percentages. I intend to include a similar 
conversion table in all memos and presentations moving forward. 

Committee suggestions on how to better present the results are welcome. 

Table 11.  Peak-Season Percentage/Volume Shortage Conversions 

Peak-Season 
% Shortage 

Peak-Season Volume Shortage 
(mg) 

Hi Dem Mid Dem Lo Dem 

5% 100 100 100 

10% 200 200 200 

15% 300 300 300 

20% 400 400 400 

25% 500 500 500 

40% 800 800 800 

50% 1000 1000 900 

60% 1200 1200 1100 

 

Results 

Figures 1 and 2 show the peak-season shortage duration curves for forecast year 2020 under the two 
HCP flow proposals and the three alternative interim demand projections. Figures 3 and 4 show the 
corresponding results for forecast year 2035. The horizontal axes are all expanded (i.e., they only show 
the lower range of probabilities) to make the charts easier to read. 
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Figure 27.  Peak-Season Shortage Duration Curves: Forecast Year 2020, City Proposed Flows 

 

 

Figure 28.  Peak-Season Shortage Duration Curves: Forecast Year 2020, DFG-5 Flows 
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Figure 29.  Peak-Season Shortage Duration Curves: Forecast Year 2035, City Proposed Flows 

 

 

Figure 30.  Peak-Season Shortage Duration Curves: Forecast Year 2035, DFG-5 Flows 
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Key Conclusions 

¶ The reliability profiles for the three alternative demand projections are similar. However, there 
are noticeable differences in the driest years, particularly for the City Proposed flows and 
particularly for the low interim demand forecast. For the driest year (1977), the low-end 
forecast results in a peak-season shortage that is 8-10% less than the mid-range forecast 
presented at the February WSAC meeting. 

¶ As before, since the 2020 and 2035 demand forecasts are not very different, the corresponding 
reliability profiles for those years are also similar. 
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Date: March 4, 2015 
From: Gary Fiske 
To: Water Supply Advisory Committee 
Re: Baseline System Response to Extended Drought 

hǳǊ ŀƴŀƭȅǎƛǎ ƻŦ ǘƘŜ ōŀǎŜƭƛƴŜ ǎȅǎǘŜƳΩǎ ŜȄǇŜŎǘŜŘ ǿŀǘŜǊ ǎǳǇǇƭȅ ǊŜƭƛŀōƛƭƛǘȅ Ƙŀǎ ǘƻ ŘŀǘŜ ōŜŜƴ ōŀǎŜŘ ƻƴ ŀ то-
year historical flow record stretching from 1937-2009. Those historic flows have been modified to 
incorporate different HCP fish flow rules that are being negotiated with the California Department of 
Fish and Wildlife (CDFW). Within that flow record, the worst drought event occurred in 1976-77. 
Expected peak-season shortages in those drought years have been one of the benchmarks against which 
we assess system performance. 

There are two potential limitations of this approach: 

¶ {ŜǾŜƴǘȅ ǘƘǊŜŜ ȅŜŀǊǎ ƛǎ ŀ άōƭƛƴƪ ƻŦ ŀƴ ŜȅŜέ ƛƴ ƘƛǎǘƻǊƛŎ ǘƛƳŜΦ ¢ƘŜǊŜ ŀǊŜ ǎǘǳŘƛŜǎ ǘƘŀǘ ƛƴŘƛŎŀǘŜ ǘƘŀǘ 
that record was part of a much longer period characterized by rainfall that was well above long-
ǘŜǊƳ ŀǾŜǊŀƎŜǎΦ ¢ƘŜ άǿƻǊǎǘέ ŘǊƻǳƎƘǘ ƻŦ ǘƘŀǘ то-year record may therefore underestimate the 
worst event that Santa Cruz should plan for. 

¶ Human-caused climate change may well result in future weather patterns that differ from the 
recent past.  

Thus, in addition to evaluating different water supply scenarios against our 73-year record, we also need 
ǘƻ ŘŜǾŜƭƻǇ ƻǘƘŜǊ ŎǊŜŘƛōƭŜ ǿŜŀǘƘŜǊ ŀƴŘ ǎǘǊŜŀƳŦƭƻǿ ǇŀǘǘŜǊƴǎ ŀƎŀƛƴǎǘ ǿƘƛŎƘ ǘƻ ŜǾŀƭǳŀǘŜ ǘƘŜƳΦ ²ŜΩǾŜ 
chosen to do that in two ways: 

¶ Define an extended drought planning sequence that represents a discrete plausible future event 
that should, at least in part, guide water resource planning in Santa Cruz. 

¶ Develop complete new distributions of weather and strŜŀƳŦƭƻǿ ōŀǎŜŘ ƻƴ άŘƻǿƴǎŎŀƭƛƴƎέ ƻƴŜ ƻǊ 
more climate change scenarios. 

This memorandum discusses the first of these approaches. Similar approaches have been pursued by 
other California water suppliers, including the San Francisco Public Utilities Commission, East Bay 
Municipal Utilities District, and the City of Santa Barbara. While the details have differed, each utility 
specified an extended drought sequence not reflected in its historical flow record. It then used this 
extended drought to inform its resource planning and/or system operations. 

What Extended Drought Sequence to Plan For? 

Defining an extended drought planning sequence by necessity requires judgment. While the underlying 
assumption of such an exercise is that future weather and streamflows will differ from the past, we 
ŘƻƴΩǘ ƪƴƻǿ ŜȄŀŎǘƭȅ Ƙƻǿ ǘƘŜȅ ǿƛƭƭ ŘƛŦŦŜǊΦ ²Ŝ ƪƴƻǿ ǿƘŀǘ ǎŜǾŜǊŜ ŘǊƻǳƎƘǘǎ {ŀƴǘŀ /ǊǳȊ ŜȄǇŜǊƛŜƴŎŜŘ ƛƴ ǘƘŜ 
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ǇŜǊƛƻŘ ƻŦ ǊŜŎƻǊŘΤ ǿŜ ŘƻƴΩǘ ƪƴƻǿ Ƙƻǿ ƳǳŎƘ ƳƻǊŜ ǎŜǾŜǊŜ ŀ ŦǳǘǳǊŜ ŘǊƻǳƎƘǘ ƳƛƎƘǘ ōŜΦ ²ƘƛƭŜ ǘƘŜ ǎŜǉǳŜƴŎŜ 
chosen should exceed past sequences in duration and/or severity, it must also be plausible. That is, 
there must be a reasonable likelihood of its occurrence. 

With this in mind, the extended drought planning sequence that will be analyzed below is an 8-year 
sequence that begins with two years that assume weather and hydrology that match the historic 1976-
1977 period. The last 6 years mimic the 1987-1992 period, which was a longer but less severe historic 
drought. Note that, although both portions of the drought planning sequence are based on historic 
weather and hydrologic patterns, the assumption that one immediately follows the other is historically 
unprecedented. 

Modeling System Operation in Extended Droughts 

Although an extended drought planning sequence is just that, a planning tool, we must model its 
impacts to mimic as best we can how the City would actually operate the system if faced with such a 
drought. The first two years of our drought sequence duplicate the 1976-77 historic experience. It 
therefore stands to reason that in those years, the City would operate the lake as we have been 
assuming in our modeling to this point, namely with rule curves that result in lake drawdown to 1070 mg 
by the end of the 1977 water year.  

Not only does this ensure consistency with our past modeling, but more importantly it reflects the 
realization that in the real world, system operators would have no way of knowing in those initial 2 
years that a non-historic event is occurring. However, after that, we enter into new territory, where we 
know that we are in an extended drought and it is here that we must assume that the City starts to 
redeem its insurance policy by beginning to draw down the lake to zero.4  

In sum, for modeling purposes, the extended drought sequence is divided into two portions, the first of 
which does not differ from the historic record and the second of which goes beyond that record and 
thus merits extraordinary lake drawdown. 

Modeling Results 

The results that follow assume base interim 2020 projected demands. Results are shown for both City 
Proposed and DFG-5 flows. 

Figure 1 shows the modeled lake drawdown over the extended drought sequence. Assuming City 
Proposed flows, the lake is drawn down to the billion gallon minimum level at the end of the second 
(1977) year. The lake then gets drawn down further in each subsequent drought year until it approaches 
full drawdown in the last two years. With DFG-5 flows, it is impossible to keep the lake above the billion 
gallon minimum at the end of the second year. After that, the lake stays low and is drawn down to 
ǿƛǘƘƛƴ мрл ƳƎ ƻŦ άŜƳǇǘȅέ ƛƴ п ƻŦ ǘƘŜ ƴŜȄǘ р ȅŜŀǊǎ ōŜŦƻǊŜ ǊŜŎƻǾŜǊƛƴƎ ǘƻ ǎƻƳŜ ŜȄǘŜƴǘ ŀǎ ƳƻǊŜ ŀōǳƴŘŀƴǘ 
rains return in the winter of 1992.    

                                                           

4
 Actually, the lake is drawn down to 70 mg, which is the volume that is assumed to be physically inaccessible 



 

3 

Gary Fiske and Associates 

Figure 31.  End of Month Lake Levels (mg) 

 

Figures 2 and 3 show, respectively, the peak-season volumetric and percentage shortages that result 
over this extended drought, while Table 1 shows some key summary system reliability statistics. 

Figure 32.  Peak-Season Shortages (mg) 
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Figure 33.  Peak-Season Percentage Shortages  

 

 

Table 12. Extended Drought Peak-Season Shortage Statistics 

 
City 

Proposal 
DFG-5 

Total  8-Year (mg) 702 5,108 

Average 4% 32% 

Maximum 32% 67% 

Minimum 0% 6% 

Years > 20% 1 6 

  

Assuming City Proposed flows, the only year of the extended drought in which the system experiences 
significant shortages is the second (1977) year, when the shortage exceeds 30%. The picture is very 
different with DFG-5 flows. Significant system shortages persist throughout the sequence with more 
than 5 billion gallons of peak-season demand going unserved over the 8 years. Peak-season shortages 
average more than 30%, with 6 of the 8 years having shortages that exceed 20% (and one additional 
year just under that).  

In sum, the ability of the current supply system to respond to this extended drought depends critically 
on the assumed outcome of the HCP negotiations with CDFW. 
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Date: March 9, 2015 
From: Gary Fiske 
To: Water Supply Advisory Committee 
Re: Baseline System Response to Initial Climate Change Scenario 

Previous memos have examined how the baseline system responds to the high and low interim demand 
forecasts (March 2) and to an extended drought planning sequence (March 4). This memo reports on 
how the baseline system performs under future climate change. Specifically, the system is modeled 
against revised flows that Shawn Chartrand developed for the GFDL General Circulation Model (GCM) 
ŀƴŘ ǘƘŜ !н ŜƳƛǎǎƛƻƴ ǎŎŜƴŀǊƛƻΣ ŀǎ ŘŜǎŎǊƛōŜŘ ōȅ wǳǎǎŜƭƭ WƻƴŜǎ ƛƴ Ƙƛǎ aŀǊŎƘ ф ƳŜƳƻΦ wǳǎǎΩ ƳŜƳƻ ŀƭǎƻ 
ŘŜǎŎǊƛōŜǎ Ƙƻǿ ǘƘŜ ǿŜŀǘƘŜǊ Řŀǘŀ ǿŀǎ ǇǊƻŎŜǎǎŜŘ ǘƻ ŀǇǇƭȅ ǘƻ {ŀƴǘŀ /ǊǳȊΦ  {ƘŀǿƴΩǎ ŀǇǇǊƻŀŎƘ ǘƻ ŘŜǾŜƭƻǇƛƴƎ 
the daily flow records for the City Proposed and DFG-5 flows from that weather data and from the HCP 
flow rules is described in his [date] memo.  

The results reported below should be understood as the baseline system performance that can be 
anticipated if, at some point in the future, the distributions of Santa Cruz weather and streamflows are 
as developed in this climate change scenario. 

MODELING SYSTEM PERFORMANCE WITH CLIMATE CHANGE 

In our modeling of the Santa Cruz system to date, we have tested various configurations of supply, 
infrastructure, operating rules, and demand against an historical flow record.5 In the IWP, that record 
included 59 years. More recent work has expanded that record to 73 years. The underlying assumption 
has been that the distribution of future streamflows will look like the flows in that record. 

Thus, across hundreds of modeling runs, the essential characteristics of the flow record have remained 
constant. The worst drought event was 1976-77. The 1987-92 period represented another major 
drought. We knew which years in the record were very wet and which were exceptionally dry. 

That no longer applies when we analyze how the system will respond to climate change. The essence of 
analyzing climate change is the assumption that future weather and streamflows will not be the same as 
the past. Rather, a new flow record has been produced. (It so happens that record includes 51 years.) 
There is no longer a 1976-77 worst-case drought benchmark or a 1987-92 sequence. As is illustrated in 
Figure 34 for City proposed flows at Big Trees, the distribution of flows is completely different than that 
of the historic record.  

                                                           

5
 In the case of the HCP flow sets, those historic records have been modified to model various fish flow rules. 
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Figure 34. Comparison of Annual Flows at Big Trees: City Proposal 

 

 

Our approach to regulating lake drawdown has been to develop rule curves that constrain the lake so 
that it draws down to its minimum (1070 mg) level at the end of the driest years. While there are no 
longer 1976-77 or 1987-92 sequences per se, we nonetheless want to use similar principles to operate 
the lake in this alternative future, so we likewise developed lake rule curves designed to draw the lake 
down to its minimum by the end of the driest water years. 

It should be noted that, while the largest impact of climate change on system reliability results from 
reduced flows, there is an independent impact of weather. The warmer and drier weather conditions 
that are expected also result in a small increase in customer demand, and also affect lake evaporation 
and rain-on-surface. In what follows, we have made an initial attempt to incorporate those impacts. 
They are small relative to the streamflow impacts. 

MODELING RESULTS 

The following results all assume the mid-range 2025 interim demand forecast developed by David 
Mitchell. All of the charts and tables are denominated in percentage peak-season shortage. To convert 
to volumes, use Table 13. 
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Table 13. Rough Conversion Between Peak-Season Percentage and Volumetric Shortages:  
2025 Interim Demands 

Peak-Season 
% Shortage 

Peak-Season 
Volume Shortage 

(mg) 

5% 100 

10% 200 

15% 300 

20% 400 

25% 500 

40% 800 

50% 1000 

60% 1200 

 

City Proposed Flows 

Figure 35 compares the peak-season shortage duration curves for City Proposed flows with and without 
climate change. 

Figure 35. Peak-Season Shortage Duration Curves with and Without Climate Change:  
City Proposed Flows 

 

Two differences between the two curves are immediately noticeable: 

¶ Climate change shifts the curve upward and to the right, meaning there is an increased 
likelihood of larger shortages. Whereas with historic flows, there is a small chance (<10%) of any 
shortage at all, this rises to more than 20% with climate change. The probability of a shortage 
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greater than 20% increases from about 1% with historic flows to about 8% with climate change. 
This shift is shown in a different form in Figures 3 and 4. 

Figure 36.  Peak-Season Shortage Distribution: City Proposed Flows (Historic) 

 

 

Figure 37.  Peak-Season Shortage Distribution: City Proposed Flows (Climate Change) 

 

 

¶ Despite the overall degradation of system reliability under climate change, we see in Figure 35 
that the worst-year shortage is actually somewhat less under climate change. The reason for this 
is illustrated in Figure 38, which magnifies the lower end of the Figure 34 Big Trees flow 
distributions. The worst drought events in each case are highlighted and we see that despite the 
substantial overall reduction in flows under climate change, the worst drought event is not quite 
as severe as the historical 1976-77 event.6 

                                                           

6
 Although system shortages depend on more than just Big Trees flows, those flows are a good predictor of system 

performance in any year.  
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Figure 38.  Magnified Big Trees Dry-Year Flows: City Proposal 

 

 

DFG-5 Flows 

Figures 6-8 show the same system reliability comparisons for DFG-5 flows. 

Figure 39.  Peak-Season Shortage Duration Curves with and Without Climate Change:  
DFG-5 Flows 
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Figure 40.  Peak-Season Shortage Distribution: DFG-5 Flows (Historic) 

 

 

Figure 41.  Peak-Season Shortage Distribution: DFG-5 Flows (Climate Change) 

 

While the types of impacts are similar, their magnitudes with DFG-5 are much increased. For example, 
under more than 60% of hydrologic conditions, there will be a peak-season shortage. In fact, a shortage 
exceeding 25% can be expected in just over half the years.   
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IMPLICATIONS 

The foregoing results highlight the importance of considering climate change as Santa Cruz plans for its 
ǿŀǘŜǊ ǎǳǇǇƭȅ ŦǳǘǳǊŜΦ 9ǾŜƴ ǳƴŘŜǊ ǘƘŜ /ƛǘȅΩǎ ǇǊƻǇƻǎŜŘ I/t ŦƭƻǿǎΣ ǿƘƛŎƘ ǊŜǇǊŜǎŜƴǘ ŀƴ ǳǇǇŜǊ ōƻǳƴŘ ƻƴ ǘƘŜ 
streamflows that will likely be available for diversion and storage, water customers would have to 
contend with frequent shortages under this climate change scenario. If the outcome of the HCP 
ƴŜƎƻǘƛŀǘƛƻƴǎ ŀǊŜ ŎƭƻǎŜǊ ǘƻ /5C²Ωǎ 5CD-5 proposal, the frequency and magnitude of shortages becomes 
much more onerous. 

¢Ƙǳǎ ǿƛǘƘ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜΣ ǘƘŜ /ƛǘȅΩǎ ǿŀǘer future will look qualitatively different. With historical flows, 
while there is a real possibility of large peak-season shortages, these are generally confined to the driest 
years with the large majority of conditions having no shortages. This is clearly not the case with climate 
change. Instead, significant shortages can be expected in many years. With DFG-5 flows, large shortages 
can be expected in the majority of years. The pattern of water availability to customers will be markedly 
altered.  

As the planning process moves forward, the pattern of streamflows that we see under this scenario may 
also have a significant impact on the effectiveness of various supply/infrastructure alternatives. While 
the precise impacts remain to be seen as those alternatives are defined and modeled, it is very possible 
that the supply volumes provided by some alternatives, and therefore their system reliability benefits, 
will be significantly reduced. 
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Memo 

To: Karen Raucher  

Cc: Heidi Luckenbach, Chris Berry, Melissa Hetrick, Kevin Crossley, Jeff Hagar, Rosemary Menard, 

Bob Raucher, Gary Fiske  

From: Shawn Chartrand 

Date: March 9, 2015 

 

Subject: Development of streamflow records under CC for water supply analysis for the City of Santa 

Cruz surface supply sources 

 

 
We have completed a model-scale analysis of potential impacts to streamflow and water supply using 

one climate change projection from one downscaled Global Climate Model (GCM) for WY7 2015 - 2070.  The 

work is intended to help inform ongoing decisions regarding HCP and water supply planning, albeit for only one 

possible future scenario at this point.  The work was conducted through a few primary steps: (1) decompose 

downscaled8 monthly climate projections into monthly projected streamflows; (2) distribute monthly projected 

streamflows over any given projected month to develop a projected daily record of streamflow; (3) compute 

hydrologic statistics for the projected months vs. the historic analysis period (WY1936 ς 2009); (4) develop 

regression models of natural flows between points of diversion and reaches of anadromy for all City of Santa 

Cruz source streams; and (5) use the previous four steps as inputs to the HCP Hydrology Model for the (a) City 

July 2012 and the (b) DFG5 HCP flow proposals.  If not discussed, all other aspects and nature of the HCP 

Hydrology Model were left as is, and were not changed or altered.   

                                                           

7
 WY stands for water year, defined as October 1 to September 30 of the following year. 

8
 GCM output was downscaled to grid cells measuring 1/8 degree by 1/8 degree (about 12 km on a side in central 

California).  The GCM output is resolved at grid cells measuring 2 degrees by 2 degrees (about 196 km on a side 

in central California). 
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The climate change (CC) work for the HCP has been ongoing since 2008.  In 2008, we first sought to 

incorporate CC into the HCP planning process.  A first step to doing so involved a substantial literature review to 

gain an understanding of what the present state of the science was for climate change in California.  This review 

led Balance to contact Prof. Ed Maurer at Santa Clara University to seek expert guidance on how to set-up a 

simplified analysis using CC information.  Our correspondence with Prof. Maurer resulted in the development of 

a water balance model, which serves as the basis for the CC modeling reported here.  At the time, the CalAdapt 

program and website (www.cal-adapt.org) were just getting up and running, driven by Gov. Schwarzenegger's 

November 2008 Executive Order S-13-08 that specifically asked the Natural Resources Agency to identify how 

state agencies can respond to CC.  We utilized downscaled GCM data9 adopted and made available by the 

CalAdapt program as the basis for our modeling.  Thus far we have specifically focused on the worst-case CC 

data set, which for the CalAdapt data sets is the downscaled GFDL2.1 GCM10 for the A211 emissions scenario.   

The original intent of our work was to use the 

raw CC projection data downloaded from CalAdapt.  

Upon inspection and completion of a few trial model 

runs however, it was noted that the projected 

precipitation record is wet, and quite wet when 

compared to the historical period record (Figure 1).  

After much discussion amongst the technical HCP and 

Water Supply Planning team, it was decided that we 

would seek to develop a revised precipitation record.    

The adjusted precipitation record is termed the 

transient precipitation record (Figure 1), and was 

developed by Stratus Consulting.  In short the 

transient record preserves the distribution of events 

present in the raw data set (i.e. the variability of the 

                                                           

9 The GCM data originates from the World Climate Research Programmeôs (WCRPôs) Coupled Model 

Intercomparison Project phase 3 (CMIP3) multi-model dataset. 

10
 Geophysical Fluid Dynamics Lab CM 2.1; National Oceanic and Atmospheric Administration. 

11 CO2 emissions exhibit a continual rise throughout the 21
st
 century and by centuryôs end achieve CO2 

concentrations that will be more than triple their pre-industrial levels 

Figure 42: Comparison of the historical, raw CC 
projected and transient precipitations records used in 
the modeling reported herein.  Note that the monthly 

precipitation totals were divided by the number of 
days in the month to arrive at precipitation in feet per 
day.  The beginning of each data series has been lined 
to facilitate plotting.  Each data series is 50 years in 

length. 

http://www.cal-adapt.org/
http://www.energy.ca.gov/publications/%22http:/www.gov.ca.gov/press-release/11035/%22
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raw GFDL2.1 A2 record), but scales it according to the long-term monthly rainfall depths reported for Santa Cruz.  

The procedure and rationale are discussed in the memo prepared by Russell Jones, Stratus Consulting (March 

2015).  It is important to note that no other data of the GFDL2.1 A2 series used for the modeling reported herein 

was adjusted ς the raw downloaded data was used for all modeling.  Each of the five steps presented in the 

opening paragraph will be reviewed in more detail.   

Monthly Projected Streamflows  

 Monthly records of total precipitation (mm) and average and maximum air temperature (degrees 

Celsius) were download from the CalAdapt website for GFDL2.1 A2 using the tabular data option.  The 

geographic location specified for the data query was a point in the San Lorenzo River watershed just south of 

Ben Lomond, with approximate coordinates of 37.0595 DD by -122.0712 DD.  This location and the grid cell it is 

in is the centroid of the San Lorenzo River watershed.  Climate change data for the San Lorenzo River watershed 

was used because it serves as the basis of modeling for the HCP Hydrology Model, and specifically the San 

Lorenzo River at Big Trees USGS gage (Big Trees) is the reference gage and streamflow record (USGS # 

11160500). 

Prior to publication the CC projected precipitation and air temperature data sets were bias corrected 

and spatially downscaled using spatial statistics reflective of observed, historical conditions.  The bias correction 

and spatial downscaling are two different steps of post-GCM data processing.  Bias correction first occurs for 

GCM output of the historical period 1950 ς 1999; correction is based on adjusting GCM cumulative distributions 

of any one grid cell to that of the historical observed distributions of the specified grid cell.  This results in a 

dampening or amplifying of the GCM continuous data series while preserving the mean and variability of the 

original GCM output.  A similar step is conducted for the projected GCM data set (i.e. the CC projected period) 

using the same historical observed distributions.  The gridded, historical observed data sets were developed by 

Maurer et al., 200212; these data sets reflect spatially averaged monthly precipitation and surface air 

temperature conditions computed from point measurements (stations) distributed over any one 2 degree by 2 

degree grid cell.  Spatial downscaling occurs by developing adjustment factors between observed historical data 

and the bias adjusted GCM data, where the observed data is the reference value; these adjustment factors are 

interpolated to the downscaled grid based on an empirical statistical method (Maurer et al., 2002).  The 

                                                           

12 Maurer, E.P., A.W. Wood, J.C. Adam, D.P. Lettenmaier, and B. Nijssen, 2002, A Long-Term Hydrologically-

Based Data Set of Land Surface Fluxes and States for the Conterminous United States, J. Climate 15(22), 3237-

3251 
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downscaled adjustment factors are then applied to the coarse-gridded observed data to yield the bias corrected 

spatial downscaled climate projections.   

Development of CC projected monthly streamflow record for Big Tees followed a procedure similar to 

that used to develop the downscaled climate projections.  The first step was to develop a calibration curve 

(regression model) between the historical observed climatic data for the period 1950 ς 1999 (same data used in 

the bias correction and spatial downscaling steps) and the observed monthly streamflow at Big Trees for the 

same period.  To do this the historical observed climatic data was applied to a simple water balance model to 

estimate monthly streamflow.  The water balance model is stated as: 

  -   -    ( )Q P ET R B CoS= +   (1.1) 

The term Q is streamflow discharge (ft3/day), P is precipitation (ft/day), ET is the evapotranspiration (ft/day), R is 

groundwater recharge (ft/day), and B is the baseflow addition, which is a source term dependent upon CoS 

(relative groundwater carry-over storage): 
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  (1.2) 

The term i is an index used to specify the period of time used for a calculation, K is a simple dimensionless rate-

limiting constant which characterizes the release of stored water to the source streams, and CoS is a 

dimensionless precipitation momentum term which scales B up or down depending on how wet or dry the 

present and previous 9 months were relative to the long-term mean.  The square brackets indicate units for the 

associated terms and equation.  In more practical terms B serves as the primary fitting parameter for the water 

balance model, and improves model skill for the lowest flows.  In particular, B helps to better distinguish short-

term wet periods (scale of 1 ς 3 months) from longer-term wet periods (scale of up to 10 months), when 

heading into the summer season.  A decent example of this is WY1993 vs. WY 1997.  It is important to note that 

Equation 1.1 ƭŀŎƪǎ ŀ ŎƘŀƴƎŜ ƛƴ ǎǘƻǊŀƎŜ ǘŜǊƳ όɲ{ύ, which would be the more typical source-related term.  We are 

not referring to B as a change in storage term because we have no idea how storage may have or may change in 

the source watersheds over the time period of interest, nor do we know the initial storage conditions.  The 

calibration curve between monthly streamflow at Big Trees computed with the water balance model vs. that 
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measured at Big Trees is provided in Figure 2, and a comparison between the computed continuous monthly 

record and that reported by the USGS is provided in Figure 3.  Figure 3 indicates that the water balance model 

does relatively decent job of reflecting historical conditions, and as usual it is most difficult to reflect the 

extremes within the record, although the baseflow parameter helps to accomplish this to some degree. 



   

6 

 

 

Figure 2: Calibration curve between monthly streamflow at Big Trees computed with 
the water balance model vs. that measured by the USGS. 

Figure 3: Continuous monthly records comparison for water balance model computed vs. 
USGS measured streamflow at Big Trees. 
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With the calibration between downscaled GCM climatic variables and measured streamflow at the USGS, it is 

possible to move forward and compute monthly streamflows for the projected CC period.  This simply involves 

applying the CC climatic variables to water balance model and then using the calibration curve to compute 

monthly streamflow at Big Trees.  This was done for the period 2015 -2070. 

Daily Projected Streamflows  

 Arriving at a daily projected streamflow record could be accomplished many different ways; we tried 

several to start and ended up utilizing the most simple, which is based on long-term averages.  Among other 

things this method is appealing because CC projections are really about long-term trends.  In detail the work 

involved several different steps.  First, daily projected streamflows were apportioned from the projected 

monthly totals for the period WY2015 ς 2070 by distributing the total monthly flow according to the long-term 

mean daily flow for any particular day.  The Big Trees annual record of mean daily flow was computed using the 

USGS records for the period WY1936 ς 2014.   

The resultant preliminary daily projected CC record contained two calculation artifacts that were 

removed.  The removal process constitutes the second step in the daily streamflow process.  The first artifact 

was defined by abrupt drops in flow at transitions between some winter months.  This drop occurred for 

projections that go from very wet conditions in one month to average or dry conditions in the next, and the 

uncorrected drops ranged in magnitude up to roughly a factor of 10.  Drops less than a factor 1.25 were not 

corrected.  The drops were removed using exponential smoothing and re-distribution of mass to account for the 

changing flow conditions (i.e. this means conservation of mass was respected for any given CC projected total 

monthly flow and that flow was not created or destroyed).  The smoothing occurred over the first three days of 

any particular month, with the smoothing exponent similar to recessional constants which can be computed for 

the Big Trees record.  The smoothing equation for the first day of the month was: 

   3  0.5((1 )*( ))previous day previous day days ahead

corrected uncorrected uncorrected uncorrectedQ Q e Q Q-= - - -   (1.3) 

The equations for days 2 and 3 are identical to Eq. 1.3 except the day referenced by last Q term in the equation 

would decrease by 1 day, and 2 days respectively.  What is important to keep in mind is that Equation 1.3 simply 

subtracts an exponentially decreasing flow difference from the flow computed for the last day of the previous 

ƳƻƴǘƘΦ  Lƴ ǘƘƛǎ ǿŀȅ 9ǉƴΦ мΦо ǎƳƻƻǘƘΩǎ ǘhe transition from the end of any given previous month through the first 
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3 days of the next month, as long as the flow differential across the monthly transition > 1.25.  The result of this 

step in the process is referred to as the corrected, preliminary daily projected record of flow (corrected record).   

The second artifact was defined by rapid flow oscillations during many days of the winter months.  This 

is due to the fact that the USGS record is quite long and therefore average daily flows can reflect values that are 

not necessarily correlated to adjoining values.  As a result these oscillations simply reflect the averaging, and 

were smoothed out in order to avoid imprinting an overly explicit trend in the daily projected CC record.  

Smoothing of the corrected record was done with a zero-order forward and reverse digital filter.  This means 

that the location of any given peak in time is not effected, but its amplitude is adjusted based on the nature of 

flows forward and backward in time from any particular position, based on a specified filtering length and 

computed flow differences.  This particular filter has the advantage of matching initial conditions well.  The 

smoothing filter length was chosen to minimize the sum of differences between the corrected and the filtered 

record (< 0.1% difference in total flow).  The preliminary daily projected, the corrected and the smoothed 

records are shown in Figure 4 for WY2068 ς 2070. 

Figure 4: Comparison of CC daily projected, corrected and smoothed streamflow at Big 
Trees. 



   

9 

 

Hydrologic Statistics  

 The HCP Hydrology Model is based on use of flow statistics for the Big Trees USGS gage, which describe 

how dry or wet conditions are from month to month, based on the historical period as a whole.  The hydrologic 

classification of any given month is based on 5 possible categories (percentile classes) termed critically dry (0 ς 

20%), dry (20 - 40%), average (40 - 60%), wet (60 - 80%) and very wet (80 -100%).  The HCP Hydrology Model 

uses the hydrologic classification to determine which HCP habitat flow rules are in effect.  The flow rules are 

needed to first set flow aside to meet the stated needs of salmonids, and second to determine how much 

residual flow remains for potential water supply (results which are fed into Confluence®). 

 In order to facilitate comparison between the one CC model run and those completed for the historical 

period, most notably with respect to analyses completed by Jeff Hagar and Gary Fiske, it was determined that 

monthly hydrologic conditions for the projected CC period were to be computed relative to the historical period 

percentile class limits, without effecting the numerical value of those limits.  This provides for the comparative 

scenario and implicit assumption that the general distribution of hydrologies is similar between projected and 

historical, but more importantly is necessary in order to make straightforward comparisons between the model 

data sets.   

Natural Flow Regression Models  
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The last step in preparing data for the HCP Hydrology Model is to specify regression models which 

provide a means to compute natural (i.e. un-impacted by diversion) flows within the reaches of anadromy based 

on associated daily flows at the points of diversion, or in the case of the San Lorenzo from Big Trees to Tait 

Street.  These regression models were constructed from all available historical records of flow and diversion, and 

there application explicitly assumes that the character of the hydrologic relation from point of diversion to reach 

of anadromy does not change from the historical period to the projected period.  The natural flow regression 

model for Laguna Creek is provided in Figure 5 as an example.  It is worth noting that this is where some of the 

work completed last year to refine the low-flow regression models for the north coast streams comes to bear, 

particularly for Laguna Creek, as the projected record contains many more days of very low flow, many instances 

of which define the lower limit of hydrologic conditions.  With this perspective it is better understood that that 

work was partially done in preparation for the CC model runs. 

Figure 5: Natural flow regression model for Upper Laguna to Anadromous Laguna. 


