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CVPIA 

Refuges 

• USFWS Managed 

• CDFW Managed 

• Privately Managed 
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Applied Water Use (MAF/yr) 
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Water 
Year 

Level 2 Incremental Level 4 Full Level 4 

Historic a Target b 
Percent 
Target 

Delivered 
Historic Target 

Percent 
Target 

Delivered 
Historic Target 

Percent 
Target 

Delivered 

2001
*
 354,746 423,151 84% 62,615 

c
 119,039 

c
 53% 417,361 542,190 77% 

2002
*
 370,342 423,151 88% 79,400 132,265 60% 449,742 555,416 81% 

2003
*
 379,146 423,151 90% 77,471 132,265 59% 456,617 555,416 82% 

2004
*
 372,232 423,151 88% 66,044 132,265 50% 438,276 555,416 79% 

2005
*
 374,417 423,151 88% 82,911 132,265 63% 457,328 555,416 82% 

2006 380,073 423,151 90% 89,345 132,265 68% 469,418 555,416 85% 
2007 388,525 423,151 92% 45,049 132,265 34% 433,574 555,416 78% 
2008 398,010 423,151 94% 37,066 132,265 28% 435,076 555,416 78% 
2009 397,239 423,151 94% 41,313 132,265 31% 438,552 555,416 79% 
2010 391,587 423,151 93% 71,743 132,265 54% 463,330 555,416 83% 
2011 393,508 423,151 93% 99,038 132,265 75% 492,546 555,416 89% 
2012 396,129 423,151 94% 51,356 132,265 39% 447,484 555,416 81% 
2013 401,205 423,151 95% 42,141 132,265 32% 443,346 555,416 80% 
2014

d
 257,847 423,151 61% 18,022 132,265 14% 275,869 555,416 50% 

Average 
e
 375,358 423,151 89% 61,608 132,265 47% 438,551 555,416 79% 

*
 No Merced NWR historic delivery data available for these Water Years. 

a
 Source: Rachael Esralew, USFWS Hydrologist

 

b
 Source: (USBR, 2010a-b; USBR, 2011a-l) 

c
 Central Valley Project Improvement Act of 1992 stipulated that Incremental Level 4 deliveries will increase by 10 percent 

every water year beginning 1993 and reach 100 percent by 2002. Therefore, the target incremental Level 4 deliveries for 
2001 are set at 90 percent.

 

d
 First year in recorded when the allocations were set below 100 percent. 

 

e
 Incremental and Full Level 4 deliveries averaged over 2002 and 2014.

 

 



9 

A 

B 

C 

D 



Refuge Management 
Challenges 

•How to do more with 
less? 

•How to secure reliable 
water supplies at 
affordable prices? 

10 
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Table 1-1. Hydrologic and management scenarios assessed using CALVIN 

Scenario 
# 

Abbreviation Hydrology 

Delta 
Export/ 
Outflow 

Regulations 

Isolated 
Facility/ 

Peripheral 
Tunnels 

Long-term 
Groundwater 

Overdraft 

Refuge 
Deliveries 

1 HEREC Historic Existing No Yes Historic 

2 HERIF Historic Existing  Yes Yes Historic 

3 HHOEC Historic High Outflow No Yes Historic 

4 HHOIF Historic High Outflow Yes Yes Historic 

5 HERECG Historic Existing No No Historic 

6 HERIFG Historic Existing  Yes No Historic 

7 HHOECG Historic High Outflow No No Historic 

8 HHOIFG Historic High Outflow Yes No Historic 

9 CEREC Warm-Dry Existing No Yes Historic 

10 CERIF Warm-Dry Existing  Yes Yes Historic 

11 CHOEC Warm-Dry High Outflow No Yes Historic 

12 CHOIF Warm-Dry High Outflow Yes Yes Historic 

13 CERECG Warm-Dry Existing No No Historic 

14 CERIFG Warm-Dry Existing  Yes No Historic 

15 CHOECG Warm-Dry High Outflow No No Historic 

16 CHOIFG Warm-Dry High Outflow Yes No Historic 
 

Historic Deliveries: Level 2 and incremental Level 4 deliveries to CVPIA refuges between March 2001 and February 2014. 
Existing Delta Export and Outflow: D-1641, 2008 USFWS BiOp and 2009 NMFS BiOp (and BDCP Alt 2a-H3 if tunnels are used to 
export water). 
High Outflow Delta Export and Outflow: D-1641, 2008 USFWS BiOp, 2009 NMFS BiOp, and BDCP Alt 2a-H4. 
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CALVIN 

• integrated water resource model 

•hydro-economic model of State of 

California 

•explore supply-side management 

objectives 
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Limitations 
All models are wrong, but some are useful” – G.E.P. Box 

•planning model 

•economics-driven response 

•simplified representation of Delta  

• indirect consideration of WQ 
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More GW? 
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Table 3-13. Opportunity cost* of expanding groundwater deliveries to CVPIA refuges ($/AF) 

 
EREC: Existing regulation (D-1641, 2008 USFWS BiOp and 2009 NMFS BiOp), Existing Conveyance (no Peripheral Tunnels) 
ERIF: Existing regulation (D-1641, 2008 USFWS BiOp, 2009 NMFS BiOp, and BDCP Alt 2a-H3), Isolated Facility (or Peripheral Tunnels) 
HOEC: High Outflow Scenario (D-1641, 2008 USFWS BiOp, 2009 NMFS BiOp and BDCP Alt 2a-H4), Existing Conveyance (no Peripheral Tunnels) 
HOIF: High Outflow Scenario (D-1641, 2008 USFWS BiOp, 2009 NMFS BiOp and BDCP Alt 2a-H4), Isolated Facility (or Peripheral Tunnels) 
* Opportunity cost (or Lagrange multiplier) reflects change in objective function if the capacity constraint is relaxed by one unit. Since objective 
function is a cost minimization function, opportunity cost represents system-wide cost of expanding conveyance capacity by one acre-foot. 
Negative opportunity cost represents a net benefit to the system from expanding conveyance capacity by one acre-foot. 

 

Opportunity cost of expanding 
GW deliveries ($/AF) 
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More SW? 
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Table 3-12. Opportunity cost* of expanding surface water deliveries to CVPIA refuges ($/AF) 

 
EREC: Existing regulation (D-1641, 2008 USFWS BiOp and 2009 NMFS BiOp), Existing Conveyance (no Peripheral Tunnels) 
ERIF: Existing regulation (D-1641, 2008 USFWS BiOp, 2009 NMFS BiOp, and BDCP Alt 2a-H3), Isolated Facility (or Peripheral Tunnels) 
HOEC: High Outflow Scenario (D-1641, 2008 USFWS BiOp, 2009 NMFS BiOp and BDCP Alt 2a-H4), Existing Conveyance (no Peripheral Tunnels) 
HOIF: High Outflow Scenario (D-1641, 2008 USFWS BiOp, 2009 NMFS BiOp and BDCP Alt 2a-H4), Isolated Facility (or Peripheral Tunnels) 
* Opportunity cost (or Lagrange multiplier) reflects change in objective function if the capacity constraint is relaxed by one unit. Since objective 
function is a cost minimization function, opportunity cost represents system-wide cost of expanding conveyance capacity by one acre-foot. 
Negative opportunity cost represents a net benefit to the system from expanding conveyance capacity by one acre-foot. 

 

Opportunity cost of expanding SW 
deliveries ($/AF) 
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EREC: Existing regulation (D-1641, 2008 USFWS BiOp and 2009 NMFS BiOp), Existing Conveyance (no Peripheral Tunnels) 

ERIF: Existing regulation (D-1641, 2008 USFWS BiOp, 2009 NMFS BiOp, and BDCP Alt 2a-H3), Isolated Facility (or Peripheral Tunnels) 

HOEC: High Outflow Scenario (D-1641, 2008 USFWS BiOp, 2009 NMFS BiOp and BDCP Alt 2a-H4), Existing Conveyance (no Peripheral Tunnels) 

HOIF: High Outflow Scenario (D-1641, 2008 USFWS BiOp, 2009 NMFS BiOp and BDCP Alt 2a-H4), Isolated Facility (or Peripheral Tunnels) 

Open-Market Water Trading 
Opportunities 

Δ = Full Level 4 - Historic 

Upper Sacramento Valley 25 TAF 

Lower Sacramento Valley & Delta 24 TAF 

San Joaquin & South Bay 36 TAF 

Tulare Basin 10 TAF 
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Spreadsheet Tool 

• network flow model 

• explore demand-side 
management objectives 

• uses Linear Programming  

𝑀𝑎𝑥 𝐻𝑎𝑏𝑖𝑡𝑎𝑡𝐴𝑐𝑟𝑒𝑎𝑔𝑒  

WaterDemand ≤ WaterSupply 

MinHabitatAcreage ≤ HabitatAcreage ≤ MaxHabitatAcreage 

Subject to 

… and Continuity & non-Negativity constraints. 
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Limitations 
All models are wrong, but some are useful” – G.E.P. Box 

•planning model 

• limited data available 

•missing key operational 

constraints 
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Inter-refuge 

trading? 

• Σ Deliveries = 

ΣCVPIA 

Allocation 

• Refuge 

deliveries can 

be more or less 

than CVPIA 

Allocations 
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Optimize 

land-use? 

• Total acreage for 

land-use type is 

preserved 

• Land-use acreage 

at individual 

refuges may be 

more or less than 

historic operations 
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Water Scarcity? 
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… and more results 

Singh.Karandev@gmail.com 

 

Thesis posted at 
https://watershed.ucdavis.ed
u/shed/lund/ under Former 

Graduate Students 

mailto:Singh.Karandev@gmail.com
https://watershed.ucdavis.edu/shed/lund/
https://watershed.ucdavis.edu/shed/lund/
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Figure 3-11. Reservoir inflows and local surface water runoff (rim inflows) 

Results are aggregated for all rim nodes represented in CALVIN. 

 

- 22% 

- 28% 

 

Figure 3-13. Net groundwater inflows 

Results are aggregated across all groundwater basins represented in CALVIN. 

 

- 6% 
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Table 3-5. Urban, agricultural and refuge demands included in CALVIN (MAF/yr) 
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Table 3-11. Opportunity cost* of historic refuge deliveries ($/AF) 

 

EREC: Existing regulation (D-1641, 2008 USFWS BiOp and 2009 NMFS BiOp), Existing Conveyance (no Peripheral Tunnels) 
ERIF: Existing regulation (D-1641, 2008 USFWS BiOp, 2009 NMFS BiOp, and BDCP Alt 2a-H3), Isolated Facility (or Peripheral Tunnels) 
HOEC: High Outflow Scenario (D-1641, 2008 USFWS BiOp, 2009 NMFS BiOp and BDCP Alt 2a-H4), Existing Conveyance (no Peripheral Tunnels) 
HOIF: High Outflow Scenario (D-1641, 2008 USFWS BiOp, 2009 NMFS BiOp and BDCP Alt 2a-H4), Isolated Facility (or Peripheral Tunnels) 
* Since refuges deliveries are represented as constrained flows in CALVIN, model allocates water to refuges before delivering water to 
agricultural and urban water users. Opportunity cost reflects competition for water delivered to refuges; hence, qualitatively access the 
likelihood of waster scarcity at refuges. Negative opportunity cost represents a net benefit to the system to deliver water to the refuge. 
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