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COMPARISON OF WSGIF AND OTHER 
DROUGHT METRICS.  The Palmer index 
(Palmer 1965) and standardized precipitation index 
(SPI; McKee et al. 1993) are spatially and temporally 
distributed drought indices that can be averaged 
over specific spatial scales like states, or four-digit 
hydrological unit code regions (HUC4), and eventu-
ally two-digit hydrological unit code regions (HUC2). 
Streamf low drought indices (Vicente-Serrano 
et al. 2012) and other streamflow variation analyses 
(Demaria et al. 2016, among others) look at stream-
flow variation in individual locations. To date, the 
spatiotemporal coherence of the different streamflow 
locations over a region has not been linked to specific 
applications. The regional water scarcity grid impact 
factors (WSGIFs) tend to have signals similar to the 
SPI and Palmer index at the 12-month time scale. The 
Western Electricity Coordination Council (WECC)-
wide WSGIF is specific in that it considers the regu-
lated flow (in contrast to natural flow), in addition to 
targeting and weighting electricity generation plants, 
and it provides a gridcentric drought-severity metric. 
Figure ES1 presents an evaluation of the 12-month 

SPIs with WSGIF anomalies over the California, 
Pacific Northwest (PNW), and Colorado hydrologic 
regions during 1956–2010. The interannual variabil-
ity of the indices is on the same order of magnitude 
over California and the PNW, while the Colorado 
WSGIF shows a lower interannual variability due to 
the large reservoir storage capacity. Differences can 
be explained by the difference in the computation of 
the indices in which regulated streamflow in WSGIF 
is weighted based on the generating capacity. Other 
differences are explained by differences in the climate 
forcing dataset (Sheffield et al. 2013) and hydrologic 
simulation uncertainties (Bureau of Reclamation 
2014; Voisin et al. 2013a,b; Hejazi et al. 2015).

ADJUSTMENT OF CLIMATE-RELATED 
GENERATION CAPACITY. As discussed in 
Voisin et al. (2016), the adjustment of hydropower 
generation is justified by a good correlation between 
annual flow and annual hydropower generation in 
many western U.S. regions (Voisin et al. 2006; Harto 
and Yan 2011). Given the relatively large storage ca-
pacity over the associated domain, the adjustment is 
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assumed to hold at the monthly time scale. Further 
exploration of changes in reservoir operations during 
droughts as represented in the PCM is the subject of 
future research to improve the monthly adjustments.

The derating at fresh surface water–dependent 
thermoelectric plants might seem overestimated as 
the maximum capacity (to be used when the WSGIF 
is lower than 2010 levels for that hydrologic region) 
is linearly decreased. Over the 1956–2010 period, 

this means that water-de-
pendent thermoelectric 
plants are derated for 31%, 
33%, and 40% of the years 
in California, Colorado, 
and PNW hydrologic re-
gions, respectively, and 
left at maximum capac-
ity otherwise. Regional 
derating reaches a 10% 
reduction of the capacity 
for specifically the water-
dependent thermoelectric 
plants (a fraction of the as-
sets) for 27%, 25%, and 24% 
of the years, respectively, 
over the same regions and 
20% of the years over the 
whole WECC (i.e., 1 out 
of 5 years). At the WECC 
scale, however, when com-
bining all of the different 
generation technology as-
sets, there is about an 80% 
chance that the derating 
will not exceed 5% and a 
90% chance it will not ex-
ceed 10%.

Ba r tos a nd Chester 
(2015) have a more com-
plex approach for adjusting 
thermoelectric generating 
capacity based on cooling 
technology over the WECC 
domain. Figure S6 in Bartos 
and Chester (2015) demon-
strates a similar adjusting 
capacity cumulative density 
function under multiple sets 
of assumed parameters for 
the mathematical models. 
They estimate that under a 
given historical period, the 
WECC-wide stream turbine 

generating capacity can be reduced from negligible 
to up to 7% for the least and most aggressive sets of 
cooling models’ parameterization, respectively. While 
they used equivalent hydrologic simulations, they 
did not use a water resources management model 
that mitigates low flows in the summertime and also 
considers water demand. The adjusted capacity for 
steam turbines in this paper can be seen as a worst-case 
scenario but remains in the range of other approaches.

Fig. ES1. (top) Evaluation of 12-month SPI and Palmer index of drought over 
California with a WSGIF anomaly over the California hydrologic region. 
(middle) Evaluation of 12-month SPIs over Washington, Oregon, and Idaho 
with WSGIF anomalies over the Pacific Northwest hydrologic region. (bot-
tom) Evaluation for Colorado and Arizona with a WSGIF anomaly over the 
Colorado River basin.
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POTENTIAL VS OPERATIONAL CHANGE 
IN CLIMATE-SENSITIVE SYSTEMS’ POW-
ER OPERATIONS. Another difference in the 
grid operations analysis presented here with respect 
to other literature includes the use of a production 
cost model (PCM), which allows for estimation of 
the operational change in thermoelectric generation 
based on reduced water availability as affected by lo-
cal and extraregional water availability through the 
transmission systems (Fig. ES2).

Table ES1 summarizes the overall interannual 
range in grid operations for August over the WECC 
region. The production cost varies between −8% 

and +11% (before unserved energy occurs) under 
historical climate conditions, and the reserve capac-
ity margin varies from 52% to 21%. According to 
Bartos and Chester (2015, their Fig. 3), the overall 
range in historical summertime hydropower gen-
eration is 44%, while in this paper a 57% range is 
given specifically for August when generation is 
most constrained. The overall range in historical 
summer thermoelectric generation is 1.7% in Bartos 
and Chester (2015). Under future climate condi-
tions, they estimate a worst-case-scenario loss of 
from 5.5% to 12%. Harto and Yan (2011, their Fig. 
5.7) show regional losses in regional thermoelectric 

Fig. ES2. Time series of Aug normalized deviation in hydropower and coordinated thermoelectric generations 
over the WECC region as simulated by the production cost model.

Table ES1. Summary of interannual range in grid operations for August over the WECC region. Italics 
reflect production cost values before unserved energy occurs (reduced sample).

Aug grid operations

Maximum 
capacity 
(MW)

Production 
cost ($)

Hydropower 
generation 

(MWh)

Steam 
turbine 

generation 
(MWh)

Reserve 
capacity 
margin

Carbon 
emission 
(metric 

tons)

2010 reference value 257,884 1,968,999 17,629 51,743 52% 3.49 × 107

1956–2010 median 254,965 1,944,444 18,414 52,254 49% 3.49 × 107

2010/median 101% 101% 96% 99% 108% 100%

1956–2010 mean 249,906 1,970,601 18,227 52,345 45% 3.53 × 107

1956–2010 std dev 10,475 107,416 2,516 2,761 8% 1.78 × 106

Coefficient of variation 0.04 0.05 0.14 0.05 18% 0.05

1956–2010 maximum 257,884 2,186,855 22,121 58,076 52% 3.88 × 107

1956–2010 minimum 216,127 1,820,526 12,151 47,586 21% 3.25 × 107

(max – min)/2010 16% 19% 57% 20% 61% 18%

(max – 2010)/2010 0% 11% 25% 12% 0% 11%

(min – 2010)/2010 –16% –8% –31% –8% –61% –7%
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generation during droughts of up to 5% in Colorado 
and 2.5% in California. According to the historical 
August-specific simulations reported herein, a 20% 
interannual variation with up to −8% in historical 
August thermoelectric generation is estimated. 
The differences account for i) differences in adjust-
ing nameplate capacity [up to 10% in the current 
analysis vs up to 7% in Bartos and Chester (2015)]; 
ii) summertime versus August, which is the most 
sensitive month with lowest f lows in the western 
United States; and iii) the use of a PCM, which 
will optimize generation based on adjacent energy 
region water availability (Fig. ES2). The analysis 
here emphasizes the need to use a PCM to support 
climate-related impact assessment and adaptation 
of WECC grid operations.

PL ANNING OF GRID OPER ATIONS 
BASED ON WATER AVAILABILITY. In the 
section “55 years of 2010-level grid operations” in the 
main paper, we reviewed grid operations metrics as a 

response to 55 years of his-
torical water availability. 
The information could be 
used for risk-based plan-
ning and also for seasonal 
operations. Over the snow-
melt-controlled western 
United States, water avail-
ability can be derived by 
1 April upon the onset of 
snowmelt and earlier. This 
section describes how the 
benchmark analysis can be 
linked to water availability 
metrics and used to inform 
grid operators when as-
sessing grid conditions for 

the late summer with water availability information 
obtained in the spring.

The WSGIF index is used to analyze the grid op-
erations, which will give a quantification of the grid 
operations sensitivity for use in seasonal operations. 
August hydropower generation over the WECC re-
gion is linked to water availability (Fig. 4a in the main 
text). Under 55 years of historical climate conditions, 
WSGIF also explains 74% of the variance in unserved 
energy. Figure ES3 shows the unserved energy as 
a function of WSGIF and confirms a “wall of reli-
ability” (Voisin et al. 2016). The wall of reliability is 
the sharp rise in unserved energy as the WSGIF is 
reduced from a median water availability (WSGIF 
around 1.9) to a water-scarce regime with the WSGIF 
below 1.55. The wall, or boundary of reliability space, 
starts with a WSGIF around 1.55, which is a system 
behavior threshold beyond which unserved energy 
might be expected (Voisin et al. 2016). Here, using the 
WSGIF, one can define where the system currently 
is in terms of risk and measure how far from or close 

Fig. ES3. Relative Aug unserved energy as a function of WSGIF.

Fig. ES4. Evaluation of the uncertainty in WSGIF and associated grid operations when using different sources 
of climate forcing and different hydrology models.

ES42 | FEBRUARY 2018



to not meeting energy demand it is. Decision-makers 
could infer the water availability on 1 April based 
on snowpack conditions, project inflow into power 
plants, derive the annual WSGIF, and plan accord-
ingly with respect to the projected WSGIF-based 
summer electricity grid performance. This seasonal 
resources adequacy process is already performed 
regionally (e.g., Northwest Power and Conserva-
tion Council). Our approach would complement 
this process as it provides an estimate over a larger 
region (entire grid) and would favor cross-regional 
coordination.

SOURCES OF UNCERTAINTIES. Sensitivities 
to water demand, energy demand, operations under 
stress, land-use and land-cover change, and grid 
expansion are acknowledged and are the subject of 
future research. In this section, the uncertainties 
related to combined climate forcing and hydrological 
model (structural uncertainties) onto our estimates 
are discussed. Figure ES4 shows estimates of WSGIF, 
adjusted maximum capacity, and unserved August 
energy, based on the modeling framework used in 
this paper [Coupled Model Intercomparison Project, 
phase 5 (CMIP5), statistical downscaling; Variable 
Infiltration Capacity (VIC)–Model for Scale Adap-
tive River Transport (MOSART)–water manage-
ment (WM)– Global Change Assessment Model 
(GCAM) 2010 water demand] and the one used in 
Voisin et al. (2016) [CMIP5 dynamical downscaling; 
Community Land Model (CLM)–MOSART–WM–
transient GCAM water demand]. Voisin et al. (2016) 
only included 30 years of representative historical 
climate data. As shown in Fig. ES4, the WECC-wide 
and regional distributions of WSGIF are consistent, 
as are the adjustment of maximum capacity and the 
associated grid operations performance.
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