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CALVIN, a hydro-economic model describing California water resources, implements a linear 
programming network flow model with gains & losses (Figure 2). A new version of the model 
written in Python, using the Pyomo library, was developed to allow the model structure, data, 
and solver to be separate and interchangeable. This new open-source version of the CALVIN 
model uses state of the art solvers and is publicly available on Github.
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Figure 1: GCMs predict higher proportion of CA 
streamflow in winter months

Long-term changes in climate and 
population are expected to have 
significant impacts on the management of 
California's extensive water network, 
creating a need for hydro-economic 
models to explore adaptation strategies. 
California is predicted to see a shift in 
rainfall to the winter months, which will 
require changes to water management in 
the state. This work combines hydro-
economic models with an ensemble of 
climate scenarios to identify adaptation 
strategies for optimally managing water 
in a range of possible climates.

Climate uncertainty in California

(LSVD), San Joaquin & South Bay (SJSB), Tulare Basin (TB), and Southern California (SC). Southern California 
carries the most shortage cost out of all regions and retains significant shortage throughout all scenarios (Figure 7). 
Tulare Basin assumes the 2nd largest shortage cost among the regions, but sees dramatic increase in shortage costs 
from -20% to -30% WA.  USV, LSVD, and SJSB incur incrementally greater shortage with water reductions but on a 
much smaller scale compared to TB and SC.

A sensitivity analysis is performed by altering the magnitude and the timing of statewide inflows, defined as water 
availability and winter index respectively, to emulate changes in precipitation and temperature predicted by 
climate models. The Winter Index (WI) is defined as the fraction of average inflow volume from November 
through April for each climate scenario divided by the historical CALVIN average inflow from November through 
April. Water availability (WA) is defined as the sum of all rim inflows, representing all water entering the model 
each year. In Figure 4, each axis represents a range of the timing and magnitude scenarios and each square point 
in the plot represents a sampled scenario. Figure 5 shows the four largest CALVIN inflows and how the average 
monthly inflows were altered for the winter index permutations. 
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Reservoirs adapt to warmer climates 
by increasing average storage levels 
in winter and routing excess runoff to 
reservoirs downstream with available 
capacity. Both small and large 
changes to reservoir operations were 
observed compared to historical 
hydrology, showing that no single 
operating strategy achieves 
optimality for all reservoirs. Both the 
statewide surface water storage and 
total shortage cost point towards a 
sharp increase in shortage and 
decrease in reservoir volumes 
occurring between -20% and -30% 
water availability (Figure 8). The 
flexible operations suggested in the 
CALVIN model results require 
collaboration among stakeholders in 
the statewide water network. The 
results show no “one size fits all”

Figure 6: Quadratic increase in total system shortage costs with 
linear decrease in average WA

Climate change poses a challenge to water managers, but proper planning and adaptive water resources 
management provides relief from stressors on the water network. Results show reservoir storage decreasing 
with water availability, supporting the fact that reservoir expansion will likely not be the answer to the state’s 
climate problems. Modeling plays a critical role in better understanding climate effects on hydrology and 
subsequent water management. Through continued efforts to identify vulnerabilities and develop adaptation 
strategies, California can adjust to drier and warmer climates by working towards collaboratively managing 
water at a statewide scale. 

Model results show quadratic 
increases in shortage cost and 
marginal value of environmental 
flows, conveyance expansion, and 
reservoir expansion as water 
availability decreases. Shortage costs 
increase across all scenarios with 
decreasing water availability and 
increasing winter index (Figure 6). 
Within a given water availability, 
increasing winter index yields small 
increases in shortage cost, indicating 
the statewide system’s capacity to 
manage changes to runoff timing with 
adaptive reservoir operations. 
CALVIN’s 5 geographic regions are 
the Upper Sacramento Valley (USV), 
Lower Sacramento Valley & Delta

Figure 4: Scenarios varying water availability and 
winter index developed for sensitivity analysis Figure 5: Modified CALVIN inflows for winter index

Figure 3: CALVIN model outputs 
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Model results include valuable management information about combined operations of surface 
and groundwater reservoirs, environmental flows, and hydropower. In addition, economic data-
-including shortage costs in drought years, and marginal values of storage and conveyance 
capacity--allow agricultural and urban water users to develop adaptive management strategies 
and identify potential upgrades to water supply infrastructure. 

Figure 2: CALVIN model inputs and model mathematical formulation

Adaptations to water supply type occurred across the scenarios. Five water supply types are 
represented in CALVIN: Groundwater Pumping (GWP), Surface Water Delivery (SWD), Non-Potable

WA WI GWP SWD NPR PR DESAL
+10% COLD 37.6 45.5 0.59 0.59 0.046
+10% HISTORICAL 37.6 45.5 0.59 0.59 0.046
+10% WARM1 37.6 45.5 0.59 0.59 0.046
+10% WARM2 37.7 45.5 0.59 0.59 0.046
+10% WARM3 37.7 45.4 0.59 0.59 0.046
0% COLD 37.7 45.4 0.59 0.59 0.046
0% HISTORICAL 37.7 45.4 0.59 0.59 0.046
0% WARM1 37.7 45.3 0.59 0.59 0.046
0% WARM2 37.7 45.3 0.59 0.59 0.046
0% WARM3 37.7 45.3 0.59 0.59 0.046
-10% COLD 37.5 45.1 0.60 0.60 0.046
-10% HISTORICAL 37.5 45.0 0.61 0.61 0.046
-10% WARM1 37.4 45.0 0.61 0.61 0.046
-10% WARM2 37.5 44.8 0.63 0.63 0.046
-10% WARM3 37.4 44.7 0.67 0.67 0.046
-20% COLD 37.4 43.0 1.20 1.20 0.046
-20% WARM1 37.4 41.9 2.06 2.06 0.046
-20% WARM2 37.4 41.2 2.62 2.62 0.046
-20% WARM3 37.4 41.0 2.67 2.67 0.046
-30% COLD 34.7 40.9 2.90 2.90 0.046
-30% HISTORICAL 34.7 40.8 2.90 2.90 0.046
-30% WARM1 34.6 40.7 2.90 2.90 0.046
-30% WARM2 34.6 40.6 2.90 2.90 0.046
-30% WARM3 34.5 40.5 2.90 2.90 0.046

Table 1: Change in water supply type composition 
in the -20% WA scenarios [MAF/Year]

reservoir operating policy for all reservoirs across the state. A combination of adaptation strategies working 
across the state yielded optimal results. 

Other adaptation strategies to climate change 
include reservoir and conveyance capacity 
expansion. CALVIN results indicate values for 
infrastructure expansion increase with decreasing 
WA, but remain low throughout all scenarios, 
indicating California has enough storage and 
connectivity where incurring shortage costs is 
less expensive than expanding infrastructure. 

Figure 7: Quadratic increase in marginal value of 
environmental flows  with linear decrease in average WA

CALVIN results allow insights into other 
adaptations such as the economic 
value of reservoir and conveyance 
expansion by analyzing how the 
Lagrange multipliers change across 
scenarios. 

All environmental flows besides Mono 
Lake show an approximately quadratic 
increase in marginal opportunity cost 
with decreasing water availability 
(Figure 7). As environmental flows are 
fixed and have no economic value, the 
model provides an implied opportunity 
cost for these constraints based on the 
value of allocating this water to meet 
demand elsewhere in the network. 

Reuse (NPR), Potable Reuse (PR), and 
Desalination (DESAL). Table 1 shows deliveries 
are maintained with little change through the 
-10% WA scenarios, but significant shortage is 
present in the -20% and -30% WA scenarios. As 
WA reaches -20%, urban areas with access to 
NPR and PR reached their willingness to pay 
and adapt by using this sources more than in 
wetter scenarios. Groundwater pumping is fairly 
constant throughout all scenarios due to the 
simplistic representation of groundwater 
allocation within CALVIN, where the unit cost of 
pumping does not account for declining water 
tables. Delivery volume is negligibly affected by 
the change in winter index.
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