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Abstract

Variable renewable energy (VRE) droughts are periods of low renewable
electricity production due to natural variability in the weather and climate.
These compound renewable energy droughts occur when two or more (typ-
ically wind and solar) generation sources are in low availability conditions
at the same time. Compound wind and solar droughts are most commonly
studied at the hourly and daily timescale due to the short-term nature of
energy markets and battery storage capacity. However the seasonal time
scale allows for the examination of broader climate and hydrologic patterns
that influence a broader renewable energy portfolio and inform the needs for
long-duration energy storage. In this study, we use a newly developed dataset
of coincident renewable generation to characterize seasonal compound VRE
droughts which include wind, solar and hydropower at grid-relevant spatial
scales across the contiguous United States. Along with the frequency, du-
ration, magnitude, and spatial scale, we specifically examine these climate
patterns with a composite climate analysis. Results for the historical period
(1982-2019) indicate that seasonal compound VRE droughts can last up to 5
months and occur most frequently in the Fall. While not an established “cli-
mate stress” to consider in reliability studies yet, we demonstrate the impact
of seasonal energy droughts on a resource adequacy study over the Western
US interconnection using a nodal bulk power grid model. We further discuss
how seasonal compound VREs can inform the sizing of long-duration energy
storage and market incentives to manage short-term extreme events like heat
waves and cold snaps while considering seasonal conditions.
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1. Introduction

Variable renewable energy (VRE) droughts refer to naturally occurring
periods of low energy availability from a resource such as wind, solar, and
hydropower whose generation output is dependent on the weather or hydro-
logic cycle. VRE droughts have been shown to have highly regional prop-
erties that depend on both the local climatology and the specific makeup
of the renewable generation and transmission infrastructure in a particular
region [1, 2, 3, 4]. Compound VRE droughts refer to periods in which two
or more generation sources are simultaneously experiencing drought condi-
tions. Acute compound VRE events are necessarily more rare but can have
much greater impacts to the grid in terms of increased costs, higher carbon
emissions, or energy shortfalls [5, 6, 2].

Previous VRE drought studies [7, 2, 8,3, 1,9, 10, 11, 12, 13, 14, 15, 16, 17,
18, 4, 19] typically focus on short timescales of hours to days which are partic-
ularly relevant for grid stability [20] and energy storage [21]. Droughts which
can occur on longer timescales of months to years are not commonly studied
despite their implications for resource adequacy and at least higher green
house gas emissions when renewable generation must be replaced [22, 23].
In this study we seek to examine energy droughts on the seasonal timescale,
which has typically been the focus of resource adequacy studies [24, 25].

Most studies of VRE drought do not consider hydropower due to the
different timescale compared to wind and solar and the relative complexity
of extending the analyses with large scale hydrologic modeling, water uses
and associated water management. Raynaud et al. [1] analyze wind, solar
and hydropower droughts independently in Europe but they do not consider
compound events. Francois et al. [26] assess the statistical properties of solar
and hydropower droughts to reduce their compound occurrences in Northern
Italy. However, these studies incorporate hydrologic representations that are
confined to run-of-river hydropower with no seasonal reservoir storage man-
agement. Most et al. [27] examine compound wind, solar and hydropower
droughts in Europe finding that appropriately managing reservoirs in winter
is critical to mitigating and recovering from compound events. Woerman et
al. [28] look at the complementarity of wind, solar and hydropower generation
across Europe finding that droughts can be mitigated through a combina-
tion of transmission and storage at the continental scale. We note that even
when water conditions might be low, hydropower operations are managed to
provide a number of ancillary grid services such as operating reserves, volt-
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age support, blackstart and load factoring which are particularly valuable
alongside wind and solar generation [29]. Hydropower, encompassing both
run-of-river and reservoir storage types, is therefore important to consider in
compound VRE drought studies that focus on longer timescales. Pumped
storage hydro is economically designed to address shorter term storage needs
and is not considered in this study.

Previous studies have shown that large-scale atmospheric circulations and
climate modes, such as weather regimes and teleconnection patterns like the
North Atlantic Oscillation (NAO) and Pacific-North American (PNA), have
predictability for seasonal renewable energy generation[30, 31, 32, 33, 34, 11,
35, 36, 14, 5, 15, 37]. For example, during the first quarter of 2015, the
United States (U.S.) experienced a widespread and extended period of low
surface wind speeds, which significantly impacted wind power generation.
Some wind farms failed to generate enough income to cover their steady pay-
ments, causing the value of certain assets to decrease. [33] found this wind
energy drought event was due to high sea surface temperatures in the western
tropical Pacific Ocean associated with a strongly positive phase of the North
Pacific Mode, which played a crucial role in establishing and maintaining
persistent low wind events. [38] demonstrated that the dominant source of
skillful subseasonal-to-seasonal prediction for wind energy resources over the
contiguous United States (CONUS) mainly comes from year-to-year varia-
tions of El Nino-Southern Oscillation (ENSO) in the tropical Pacific, which
alters large-scale wind and storm track patterns over the CONUS. There
are several studies examining relationships between climate conditions and
the availability of specific renewable energy resources, such as solar or wind.
However, research focusing on the atmospheric drivers of compound energy
droughts is rare. [5] analyzed the relationship between compound solar ra-
diation and wind speed droughts with weather systems and climate modes
and found that these droughts occur most frequently in winter, affecting at
least five key energy-producing regions in Australia on 10% of days. The
associated weather systems vary by season and drought type, but common
features include widespread cloud cover and anticyclonic circulation patterns.
Major climate modes are not strong predictors of grid-wide droughts, though
regional variations exist that influence drought frequencies. In this study, we
examine how large-scale circulations and climate modes contribute to sea-
sonal compound VRE droughts over the CONUS. The mechanisms identified
may be useful for developing forecasting models or seasonal energy drought
outlooks.
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The impacts of VRE drought are not realized until they occur during pe-
riods of high energy demand. One way to assess impacts to the energy system
is to examine VRE droughts alongside energy demand which are known as
VRE supply droughts or positive residual load (PRL) events [39, 4]. While
this type of analysis can provide insights into potential regional energy short-
falls, it lacks detailed system information such the impacts on energy prices,
transmission congestion and unserved energy, and carbon emissions. Such
information is provided by a nodal production cost model (PCM), a detailed
unit commitment and economic dispatch model. In this paper we develop
a CONUS-wide assessment of compound seasonal wind—solar—hydropower
droughts which we complement with a case study that integrates five sepa-
rate compound VRE drought events into the a PCM. The goal of this case
study is to demonstrate the value of considering compound seasonal VRE
drought in resource adequacy studies. Section 2 discusses the data used and
how seasonal compound VRE drought events were identified, Section 3 ex-
amines the historical properties, Section 4 looks at the spatial co-occurrence
characteristics, Section 5 presents a composite climate analysis of the condi-
tions that lead to compound VRE drought, Section 6 presents a case study
that demonstrates how drought events can be incorporated into a power sys-
tem model, and Section 7 is discussion.

2. Identification of Seasonal Compound VRE Droughts

Coincident and consistent plant-scale datasets for wind, solar [4], and hy-
dropower [40] generation were analyzed to identify monthly energy drought
events with 2020 infrastructure and historical weather conditions. Here, we
briefly summarize the development of each dataset, as detailed descriptions
are available in the cited literature. Historical meteorological data (1982-
2019) from the Thermodynamic Global Warming (TGW) climate simulations
[41] were utilized to estimate coincident energy generation from wind, solar,
and hydropower renewable resources. In the TGW climate simulations, the
Weather Research and Forecasting (WRF) model [42] was used to dynami-
cally downscale the European Centre for Medium-Range Weather Forecast
Version 5 Reanalysis (ERA5) [43].

Wind and solar generation was estimated for every utility scale wind
and solar plant in the EIA 860 database [44]. Plant characteristics (tur-
bine height, rotor diameter, solar panel type, etc.) were combined with the
TGW meteorology data using NREL’s reV model [45] to produce hourly

4
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plant-scale generation estimates. The solar radiation data was observed to
have a high bias relative to observations in the National Solar Radiation
Database (NSRDB)[46]. To account for this bias, the solar generation was
bias corrected using NSRDB as a baseline. For full details please see [47].

Hydropower generation was estimated at individual facilities based on
integrated hydrologic modeling to simulate runoff, a river routing-reservoir
operations-water management model for regulated streamflow, and a hy-
dropower model. The calculations of surface and subsurface runoff were
performed using the Variable Infiltration Capacity (VIC) model [48, 49],
which was calibrated at each 1/16" degree grid cell using the daily runoff
dataset from the Global Reach-level Flood Reanalysis (GRFR) ReachHy-
dro product [50, 51]. The generated runoff was subsequently aggregated to
1/8" degree grids and routed using the mosartwmpy model [52], a Python
translation of the Model for Scale Adaptive River Transport with Water
Management (MOSART-WM) [53, 54]. The mosartwmpy model simulates
regulated streamflow influenced by water management components, includ-
ing reservoir operations and water withdrawals. The data-driven approach
[55] was implemented for reservoir operations with reasonable data coverage.
Hydropower estimates are developed using the Blhydro model [40] which
uses reservoir outflow, inflow, storage, and previous lagged power to esti-
mate monthly power generation.

Seasonal compound VRE droughts are identified by first spatially aggre-
gating all individual plants to the the Balancing Authority (BA) scale. BAs
are entities in the U.S. where supply and demand must be balanced at all
times and specifically need to use local resources to balance the local ”must-
take” wind and solar resources. The BA represents a grid-relevant scale at
which to analyze VRE droughts. BA-scale wind, solar, and hydropower gen-
eration data are then temporally aggregated to the monthly timescale. The
monthly timescale is used because it can represent droughts which last at
least 1 month so they can represent seasonal drought events. Table 2 shows
the considered BAs. In this study, a seasonal compound VRE drought is
defined as any period of consecutive months for which the total generation
from wind, solar and hydropower is below the 40th percentile for each genera-
tion type. This threshold was chosen to be representative of consistently low
renewable generation that still represents a range of drought events across
the contiguous U.S. Based on the threshold, the severity of compound VRE
droughts is defined as the normalized energy deficit below the threshold [4].



BA BA name NERC* grid Cluster Hydro Solar Wind
interconnect capacity capacity capacity
(GW) (GW) (GW)
AECI Associated Electric Cooperative Inc. Eastern Midwest 0.03 0.005 1.84
AVA Avista Western Inner West 1.17 0.0384 0.211
BPAT Bonneville Power Administration Western PNW 21.7 0.175 6.6
CISO Calif. Ind. System Operator Western CA 6.46 29.4 11.6
ERCO  Electric Reliability Council of Texas Texas Midwest 0.57 9.71 54.7
IPCO Idaho Power Company Western Inner West 2.03 0.633 1.41
ISNE Ind. System Operator of New England Eastern Northeast 1.71 3.03 2.86
LDWP  L.A. Dept. of Water and Power Western CA 0.308 1.98 0.677
MISO Midcontinent Ind. System Operator Eastern Midwest 2.4 4.08 52.1
NEVP  Nevada Power Company Western Inner West 0.0134 3.19 0.3
NWMT NorthWestern Energy Western Intermountain 0.681 0.028 0.902
West
NYIS New York Ind. System Operator Eastern Northeast 4.62 1.32 3.98
PACE PacifiCorp East Western Intermountain  0.27 2.37 5.11
West
PACW  PacifiCorp West Western PNW 1.13 0.568 1.37
PGE Portland General Electric Western PNW 0.675 0.22 0.899
PIM PJM Interconnection Eastern Northeast 3.31 9.07 19.7
PSCO Public Service Company of Colo. Western Intermountain  0.0389 1.04 8.38
West
PSEI Puget Sound Energy Western PNW 0.346 0.001 0.734
SPA Southwestern Power Authority Eastern Midwest 1.51 0.024 0.598
SRP Salt River Project Western Inner West 0.0897 0.518 0.126
SWPP  Southwest Power Pool Eastern Midwest 3.08 0.783 47.9
TVA Tennessee Valley Authority Eastern TVA 4.87 0.581 0.0036
WACM  WAPA** - Colorado-Missouri Western Intermountain  0.707 0.381 1.46
West
WALC  WAPA** - Lower Colorado Western Inner West 3.8 0.264 0.7

Table 1: Balancing authorities and their grouping used in this study with hydro, wind, and solar generation capacity represented
in this study in gigawatts (GW). The Cluster column indicates the resulting clusters derived from a hierarchical clustering analysis

in Section 5.

*North American Electric Reliability Corporation
**Western Area Power Administration
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3. Historical properties of seasonal compound VRE drought

In this section we examine the historical frequency, duration, and sea-
sonality of compound VRE droughts in the CONUS. The seasonality and
seasonal complementarity of VRE generation can provide insights into when
and why compound droughts occur. For example a hypothetical region in
which wind, solar and hydropower are perfectly non-complementary, i.e. have
identical climotological patterns, would be highly susceptible to seasonal
compound drought. Conversely a perfectly complementary region would be
highly resilient against compound droughts if capacity are equivalent. Fig-
ure 1(a) shows the seasonal climatology of simulated generation from wind,
solar, and hydro in each of the BAs in this study. The solid lines represent
the median generation expressed as a capacity factor (generation divided by
capacity) and the transparent ribbons span the 5th to 95th percentile of
monthly generation. While wind and hydro have highly regionally-variable
seasonal climotologies, solar presents a similar pattern in almost every BA,
peaking in the early summer and falling off in the winter. At the monthly
scale, solar also has remarkably low inter-annual variability. Figure 1(b)
shows the number of seasonal VRE droughts across all BAs and all years,
using a 40th percentile threshold for each resource, where the threshold is
based on the monthly values and is fixed across the entire year. Compound
droughts are rare in Summer mainly because of the low solar inter-annual
variability and strong seasonality, although in some regions seasonally low
wind and hydropower also contribute. The Fall is the season most prone to
droughts with both the longest duration droughts and highest frequency of
occurrence. The fall is when hydro is typically the lowest in both snowmelt
and rain driven regions which is consistent with national assessments [56].
Wind can be either climotologically low or high in the fall and winter de-
pending on the region, which, when high, helps to mitigate drought in those
seasons in some regions. In Figure 1(c), we can see the spatial pattern of
drought frequency: seasonal compound VRE droughts occur the most often
in the west with a decreasing frequency moving toward the east. This is
primarily due to the lower hydro seasonality and complementarity between
wind and solar in these regions.

Figure 2 shows the seasonal distribution of compound VRE droughts from
1982 to 2019 for each BA. In each stacked bar representing the annual total
occurrences, the unit bar height is equivalent to one month within a specific
season. The distribution over 38 years indicates that the majority of com-
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Figure 1: Historical properties of seasonal compound VRE drought: (a) shows the climo-
tological patterns of wind, solar and hydro generation expressed as a capacity factor (gen-
eration divided by capacity) for each of the 18 BAs represented in this study. The solid
lines represent the median monthly generation and the ribbons span from the 5th to 95th
percentiles of the historical period (1982-2018). (b) Shows the seasonal occurrence of com-
pound monthly VRE drought events where the bars are broken down by drought duration
in months. (¢) Shows the average compound VRE drought frequency for each BA.
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pound VRE droughts occur in fall and winter seasons, which is consistent
with the previous section and other’s findings [33, 37, 5, 38]. Furthermore,
these drought events are predominantly concentrated in the Western Inter-
connection (WI; BPAT to WACM, colored in purple), whereas relatively
smaller events are identified in the Eastern Interconnection (EI; AECI to
PJM, colored in brown). The WI BAs, including CISO, NEVP, and WALC,
experience a significant number of compound drought months during both
fall and winter seasons, potentially due to similar low generation patterns
across wind, solar and hydro during these seasons, as shown in Figure 1(a).
As a result, in these BAs, prolonged VRE droughts from fall to winter could
pose a risk to electricity supply, particularly when combined with increased
demand driven by winter weather events, such as cold snaps [57]. In contrast,
compound VRE droughts are infrequent in the EI BAs, including MISO and
TVA, where monthly generation patterns are complementary. A few short-
term compound drought months in summer are identified specifically in two
EI BAs (SWPP and SPA), which may be linked to intermittent low wind
generation with little within-year variation in wind, solar, and hydro genera-
tion (Figure 1(a)). Certain BAs (PGE, MISO, TVA, ISNE, NYIS, and PJM)
experience compound VRE droughts only during fall. These BAs typically
show strong wind or hydro power generation patterns during winter (Figure

1(a)).

4. Seasonal co-occurrence and severity

In an interconnected grid, simultaneous occurrences of compound VRE
droughts across BAs may critically impact the bulk power system reliability
[58, 4] as adjacent regions are stressed with balancing their demand with
their supply shortfall and may have limited regional coordination. Figure
3(a) illustrates the co-occurrences of compound VRE droughts during the
fall and winter seasons, with their frequencies represented by the thickness
and color of connecting lines between pairs of BAs. Each BA is denoted as a
circle, with its size proportional to the total number of VRE drought months,
including both isolated and concurrent droughts. In fall, the co-occurrences
of compound events are broadly distributed especially within WI BAs, and
are temporally aligned with EI BAs despite their lower frequencies. In con-
trast, during winter, the co-occurrences are particularly pronounced in the
southwestern BAs such as CISO, NEVP, WALC, and SRP, with noticeable
frequencies extending to limited portions of EI BAs, including AECI, SWPP,
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and SPA. The spatial distribution maps for fall and winter indicates two no-
table trends: a decrease in frequency in the U.S. Pacific Northwest and an in-
crease in frequency in the U.S. southwest and central regions. Consequently,
the region vulnerable to coincident resource shortfalls shifts from the west-
ern CONUS in fall to the southwestern and central CONUS in winter. These
shifts are attributed to regional differences in the seasonality of wind, solar,
and hydro generation, as shown in Figure 1(a). However, it is important
to note that the concurrent occurrences (connecting lines in Figure 3(a)) do
not account for the electricity transmission constraints, which need further
consideration to understand their impacts on the interconnected grids. We
also note that the Western and Eastern interconnections are not substan-
tially connected however national transmission planning studies explore such
opportunities [59], making this regional dependencies even more relevant for
cost-benefit analyses.

In the supplementary material, Figure S1 quantifies concurrent VRE
drought months between pairs of BAs over 38 years. The lower triangular
elements count the co-occurring months of compound droughts during fall,
whereas the upper triangular elements count them during winter. Similar to
Figure 3(a), a high number of co-occurrences are identified within the WI
BAs during fall. The most frequent co-occurrences in fall are between CISO-
NEVP (35 months), followed by CISO-WALC (30 months) and CISO-BPAT
(30 months). During winter, while the primary locations of co-occurrences
remain similar, the CISO-BPAT connection weakens (15 months) and the
NEVP-WALC connection strengthens (34 months). Overall, CISO emerges
as a hotspot for compound VRE drought during both fall and winter.

As a measure of the combined severity of compound VRE droughts be-
tween two BAs, we introduced the concept of severity covariance, which is
calculated based on Equation (1):

Np
1
Severity Covariance (i,7) = N Z(’Z” —Z) (%t — %) (1)
D=1

where t represents drought months, z; and z; denote the standardized sever-
ity indices for a pair of BAs at locations ¢ and j, respectively. Np is the
total number of concurrent VRE drought months, and z indicates the mean
of the standardized severity indices. Given that the combined severity of
VRE droughts is of our primary interest, only the severity indices during
drought months (i.e., negative values below the specified threshold) were

11
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Figure 3: Seasonal patterns of compound VRE droughts: (a) co-occurrence patterns and
(b) severity covariance heat map. In panel (a), the circle sizes represent the total number
of VRE drought months at BAs, and the connecting line thicknesses indicate the average
annual frequency of co-occurrences. The dashed lines delineate the boundaries of Inter-
connections. In panel (b), the severity covariances for fall and winter are shown in the
lower and upper triangular sections, respectively. The BAs are sorted by NERC grid in-
terconnection and Cluster in Table 2
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taken into consideration. In addition, the reference means were set to zero,
as the severity indices were derived from standardization to a normal distri-
bution. Therefore, the severity covariances quantify the co-occurring severity
trends of compound VRE droughts between pairs of BAs. Figure 3(b) shows
a heat map of the severity covariances across BAs. Compared to the co-
occurrences heat map in Figure S1, the severity covariances reveal different
patterns across BAs and between fall and winter seasons, indicating that the
frequency of occurrences is not necessarily correlated with their severity. In
winter, although compound VRE droughts are relatively infrequent across
the BAs (upper triangular elements of Figure S1), their severity tends to be
more intense. Notably, the severity covariance between SPA and PSCO is
identified as the highest (1.7 in Figure 3(b)) despite only two co-occurrences
over 38 years (two drought months in winter in Figure S1). Specifically, this
high severity covariance results from two severe compound events: one driven
by hydro droughts in both BAs and the other by low solar production in SPA
co-occurring with low hydro generation in PSCO. However, the impact of
these severe co-occurrences may be insignificant when considering electricity
transmission constraints, as these two BAs are located in different Intercon-
nections. During fall, most BAs tend to undergo relatively frequent (Figure
3(a) and lower triangular elements of Figure S1) but less severe compound
VRE droughts, with few exceptions. For example, the primary locations
of compound VRE droughts, such as CISO, NEVP, and WALC, show rela-
tively high severity covariance (> 1), in addition to frequent co-occurrences
of compound VRE droughts.

5. Climate analysis

This section examines the climate mechanisms driving seasonal compound
VRE droughts. Previous studies [37, 2, 11, 60, 16, 33, 32, 12, 14, 23| have
demonstrated that seasonal energy droughts are closely related to large-scale
atmospheric circulations and climate modes, which typically influence exten-
sive geographic areas and are not confined to specific balancing authority
definitions. Many BAs sharing similar geographic locations may be simul-
taneously affected by the same weather or climate conditions. Therefore,
before further investigating the atmospheric conditions inducing these com-
pound VRE droughts, we conduct a hierarchical clustering analysis based on
the correlations of the power generations among BAs. As a result, five clus-
ters are generated (Figure 4): (1) PSEL, BPAT, PGE, and PACW; (2) AVA,
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Figure 4: Clustered BAs and their geographic locations.

IPCO, NEVP, WALC, and SRP; (3) CISO and LDWP; (4) TVA; (5) the
remaining BAs (Figure S2). Given the geographical extent of the remaining
BAs, we further divided them into three groups: the 5th cluster includes
NWMT, PACE, WACM, and PSCO; the 6th cluster includes SWPP, SPA,
AECI, ERCO, and MISO; the 7th cluster includes PJM, NYIS, and ISNE.
To find the large-scale conditions associated with droughts for given clus-
tered BAs, we selected large-scale variables, including 500 hPa geopotential
height, sea surface data, mean sea level pressure, relative humidity, temper-
ature, and wind at the surface, 850 hPa, 500 hPa, and 200 hPa. We further
composited the monthly anomaly of each variable by removing the climato-
logical monthly mean between 1982 and 2019 for each from ERA5 monthly
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averaged reanalysis data [43, 61]. After clustering the BAs, we found that
historically the number of seasonal droughts events range from 4 for the TVA
cluster to a larger sample size for other clusters. To conduct a fair composite
analysis (averaging the anomalies for each cluster), we limited each cluster to
the top 4 events for the purposes of calculating the climatological anomalies.
Therefore, for TVA, we averaged all the drought months in the composite
analysis; for other clusters, we selected the four months with the most severe
drought indices.

For this study, we also calculated the correlation between power genera-
tion and the Arctic Oscillation (AO), the North Atlantic Oscillation (NAO),
and the El Nino-Southern Oscillation (ENSO) Precipitation Index (ESPI).
5 shows the correlation coefficients between power generation and climate
indices for each BA. While individual energy resources within these clusters
may show correlations with climate indices, the aggregate power generation
for these clusters does not always exhibit such relationships

For the PNW (PSEI, BPAT, PGE, and PACW) cluster, wind energy is
the dominant renewable energy source, and it shows a strong correlation with
the ESPI index. Additionally, the AO is correlated with power generation in
two BAs within this cluster: BPAT and PACW. Due to the predominant role
of wind energy, the correlation between wind energy and ESPT also drives the
compound total power generation for this cluster. Furthermore, hydropower
generation for PGE and PACW exhibits some correlations with the ESPI
index.

In the CA (CISO and LDWP) cluster, there are minimal correlations
between power generation and the three climate indices (AO, NAO, and
ESPI). The only notable correlations are between hydropower generation for
CISO with ESPI and NAO.

The Inner West (AVA, IPCO, NEVP, WALC, and SRP) cluster also shows
rare coherent correlations. NAO is correlated with both solar and hydro
generation for WALC, while ESPI is correlated with hydropower generation
for NEVP and with wind energy for SRP.

The Intermountain West (NWMT, PACE, WACM, and PSCO) cluster
is predominantly wind energy-focused, but there is little evidence showing
strong correlations between solar or hydropower and climate indices. The
correlation with wind energy influences the cluster’s total energy generation.
However, the only significant correlation observed within this cluster is be-
tween NAO and wind generation for NWMT

The Midwest (SWPP, SPA, AECI, ERCO, and MISO) cluster exhibits
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different behaviors. While some significant correlations exist between single-
source generation (e.g., solar and hydropower) and climate indices, these
correlations are not evident in compound power generation. ESPI is corre-
lated with solar generation for SWPP and with hydropower generation for
other BAs in this cluster. NAO is highly correlated with solar overall, and
AO shows correlation with hydropower generation for SWPP. However, there
is no evident correlation between wind energy and the climate indices.

In the NE (PJM, NYIS, and ISNE) cluster, there is a high correlation be-
tween NAO and solar generation across the entire cluster, as well as between
NAO and hydropower generation for PJM. Similar to the fifth cluster, there
is no evident correlation between wind generation and climate indices, and
the correlation rarely appears in the compound total energy.

The pattern in the TVA cluster is very similar to that in the NE clus-
ter, with the exception that hydropower generation shows a correlation with
ESPI.

Note that the Intermountain West, Midwest, and NE clusters are sepa-
rated artificially; initially, they formed one larger cluster based on total power
generation 4. This separation can be traced by no significant correlation with
climate indices across these three clusters, except for the NAO in the case of
NWMT.

The investigation into the weather mechanisms driving the occurrence
of seasonal energy droughts across various regions highlights important at-
mospheric variables influencing energy resources. However, the direct appli-
cation of these weather pattern descriptions for predictability remains chal-
lenging. For example, while we observe that an Arctic Ridge pattern can be
associated with drought conditions in the Pacific Northwest (PNW: PSEI,
BPAT, PGE, and PACW) cluster, it is not necessarily the case that every
Arctic Ridge event results in a drought, nor is the duration of the Arctic
Ridge always sufficient to establish a clear and robust causality.

To strengthen the focus on predictability, we have concentrated on re-
gions where we have identified clear causality between climate indices and
renewable energy droughts. For instance, our analysis shows that in the Cal-
ifornia (CA: CISO and LDWP) cluster, specific climate indices such as the
El Nino Southern Oscillation have a significant correlation with hydropower
generation deficits. Detailed discussions and analyses of these regions with
clear causality are provided in the supplementary material.

We acknowledge that the qualitative descriptions of weather patterns in
other regions require further research to establish their predictive capability.
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Therefore, we have moved the detailed composite analyses of these regions to
the supplementary material. This allows us to maintain a clear focus in the
main text on regions where predictability based on climate indices is more
established.

6. Case Study

This section presents a case study of the potential impacts of these sea-
sonal compound VRE droughts on grid operations in the western U.S. These
impacts are studied on the WI using the WECC 2030 Anchor Data Set (ADS)
Gridview test case. GridView, a grid operations model widely utilized in the
industry, is used to model the behavior of dispatch. A full year in hourly
resolution, at the nodal scale, is modeled for six scenarios. The first is pre-
sented as a control, and corresponds to a normal, non-drought year. The
other scenarios correspond to drought events that were selected to represent
the worst historical drought conditions across the entire WI. These are re-
ferred to as “Event 1”7 through “Event 5”, where Event 1 is the most extreme
overall and Event 5 is the least extreme. Five months from different years
were identified that had the largest compound VRE drought severity across
all BAs in the WI where the severity is defined as the total energy deficit
below the 40th percentile drought threshold. Any BA drought that over-
lapped with the identified month was also captured in the input datasets for
the GridView model. The droughts were used to modify the WECC 2030
ADS test case by proportionally lowering the VRE generation according to
the historical generation during the identified droughts. For example if the
wind in a BA had an average monthly capacity factor of 0.2 during a drought
month and the WECC 2030 ADS had an average monthly capacity factor of
0.4, then the hourly generation of all plants in the BA would be lowered by
50% to account for the drought conditions.

It is expected that drought years, as compared to typical years, will stress
the grid in some way. In particular, reduced generation from solar, wind, and
hydro, is expected to either reduce reliability, or increase dependence on gas
resource. In practice, the WECC 2030 ADS features a robust generation
portfolio. For this analysis, no resource adequacy concerns, such as unserved
energy, are observed. Still, in less robust test cases, unserved energy may be
a concern.

Even without unserved energy, droughts still impose notable impacts on
grid operations. Figure 6 shows the increase in emissions and locational
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Figure 5: Heat map of the correlation (R) between power generation and climate indexes
for each BA. Note that the black dots indicate that the correlation is statistically significant
when the p-value is less than the significance level of 0.05; the dashed lines between BAs
indicate different clusters for BAs. (a) is for total power energy generation, (b) is for solar,
(c) is for hydropower, and (d) is for wind gquerations.
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marginal prices (LMPs) that exhibited during the drought as opposed to nor-
mal operation. For the sake of this analysis, the averages are computed and
compared across the extent of the drought in question with the normal, non-
drought year. This separates the impact of the drought from normal annual
variations in the behavior of these features. In general, drought events are
associated with a modest impact in the emissions. However, in some cases,
droughts result in spikes of the zonal emissions by well over 20% which is in
line with Voisin et al.[23] who showed that hydropower drought alone can
contribute to 10% increased emissions. This points towards the reduced gen-
eration due to drought being compensated for using gas-fired power plants.

Locational marginal prices (LMPs) convey the price of energy at a par-
ticular spatial location. In essence, they encode the availability of energy,
and are a function of several factors including fuel costs and transmission
congestion. Intuitively, droughts increase reliance on gas generation to serve
demand, thus leading to higher fuel component of LMPs. This behavior is
most heavily concentrated in the Northwest with LMPs increasing by 5-10%
in every event. Some regions actually have 5-10% lower LMPs during the
drought. This is due to reduced renewable and hydro generation resulting
in less transmission congestion, and thus lower congestion component of the

LMP.

7. Discussion

The analysis of monthly timescale VRE droughts require long term cli-
mate simulations, representation of land surface processes and human sys-
tems dynamics. Seasonal compound VRE droughts in the contiguous U.S.
have diverse regional characteristics that stem from the complementarity of
the wind, solar and hydro generation. In the CISO BA (California), these
three renewable resources are almost perfectly non-complementary and con-
sequently we see that region with the highest frequency of compound VRE
drought. Conversely in the TVA BA (Tennessee), wind and hydro are al-
most perfectly complementary with solar and in that BA we see the lowest
frequency of compound VRE drought. Furthermore, very few droughts occur
in the summer in any BA which is driven by both the high solar and high
hydro in the western U.S. Analogously, fall is the most prone to compound
VRE droughts due to low hydro and tapering off solar. Wind tends not to be
an overall driver of compound VRE drought due to how variable it is across
regions. Based on these results we can conclude that climatological comple-
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Figure 6: Average emission ratio (top row) and average locational marginal price (bottom
row) of each compound drought event divided by the baseline scenario (positive values
indicate an increase in the energy drought scenario).

20



458

459

460

461

462

463

464

466

467

468

469

470

471

472

473

474

475

476

477

478

479

481

482

483

484

485

486

487

488

489

490

491

492

493

494

mentarity is the main driver of the seasonal occurrence and frequency of VRE
droughts at the monthly timescale. This insight indicates that climatology
is a good indication to guide the development of renewable energy. While
this is already performed in practice for individual resources, the insight fur-
ther informs balancing regions in how to promote sustainable growth with a
strategic distribution of capacities across the different resources. Many long
term planning electricity models - also called capacity expansion models,
often have a simplified representation of sub-annual dynamics with represen-
tative seasonal "stress periods”. This study emphasizes the need to represent
the complementarity between the renewable resources across all seasons and
not select individual wind-solar-hydro supply curves which might lead to over
building.

The spatial co-occurrences and co-severity of compound VRE droughts
among BAs can provide valuable insights into the extent and intensity of their
seasonal occurrences concentrated in specific regions. This aspect is critical
to inform coordination across balancing regions with the exploration of new
transmission path or re-sizing of the existing capacity. This co-occurrence can
also inform the development of long term contracts across balancing regions.
The primary regions of co-occurrences shift from the Western Interconnect
BAs (CA, PNW, and Inner West clusters) in fall to the southwestern BAs
(CA, Inner West, and Midwest clusters) in winter, due to the different sea-
sonal responses of solar, wind, and hydro generation by region. Particularly,
the BAs in California (CISO), Nevada (NEVP), and Arizona (WALC) ex-
perience persistent co-occurrences of compound VRE droughts throughout
both fall and winter. Based on these seasonal shifts around surrounding BAs,
power system planning for compound VRE droughts could be optimized by
considering spatial complementarity together with electricity transmission
constraints and load seasonality also needs to be considered. Furthermore,
the severity covariance matrix informs the historical patterns of the concur-
rent intensity, which could be further integrated into power system planning
to address deficiencies in electricity supply. The calculations of the sever-
ity covariances reveal that co-occurrences do not necessarily correlate with
severity, as demonstrated by the BAs, which experience smaller but more
intense events in winter. It is important to note that the correlation and
covariance information provides only spatiotemporal alignment in the fre-
quency and severity of compound VRE droughts, without accounting for the
relative scales of electricity generation by energy source. This aspect may be
important for the practical planning of power system grids.
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The clustering analysis based on power generation correlations among
BAs reveals a complex picture. Some BAs have one or two renewable energy
sources which are strongly correlated to climate indices, while others have
none. Although the total energy generation was utilized for clustering anal-
ysis, the lack of correlation of specific resource may or may not propagate
to influence the total energy generation, depending on the relative amount
of each generation in each region. As a result, climate characteristics are
unlikely to fully explain the occurrence of compound droughts; rather, they
provide insight into the predictability of certain energy sources in specific re-
gions. This phenomenon is particularly evident in regions such as the Pacific
Northwest, which has abundant wind and hydropower resources, but limited
solar power, and TVA, where solar and hydropower are plentiful but wind
resources are minimal. Future studies should conduct detailed regional analy-
ses to better understand the underlying mechanisms driving energy droughts
and conclude on their predictability.

Studying single-resource energy droughts focuses on the impact of climate
variability on individual renewable energy sources, allowing for clearer iden-
tification of climate drivers and more straightforward mitigation strategies.
For instance, analyzing wind energy droughts in isolation can directly link
specific atmospheric circulation patterns, such as weather regimes (WRs),
to wind speed anomalies. However, compound energy droughts involve the
simultaneous deficit of multiple energy sources, adding complexity to the
analysis. These compound events are influenced by a multitude of interact-
ing climate variables and local factors, and our composite analysis reveals
that specific weather patterns are indeed associated with energy compound
droughts. This indicates that understanding these patterns can enhance
forecasting and energy planning. Understanding the key differences between
single and compound energy droughts is crucial for developing resilient en-
ergy systems and improving forecasting methods that accurately account for
the combined effects of different renewable energy sources.

The resource adequacy case study demonstrated that the planned 2030
infrastructure for the Western US would be robust to compound energy
droughts with enough gas generation capacity held to meet demand in even
the most extreme compound VRE droughts. The WECC 2030 ADS case
dates back to 2020 when governmental policies were not targeting a substan-
tial shift in energy generation portfolio and had a low end of wind and solar
penetration with respect to other projections [62, 63, 59]. We anticipate that
this library of compound wind-solar-hydro drought events will have a growing
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interest as the generation portfolio includes more of those resources. We also
note that this library of events to guide resource adequacy studies needs to be
complemented with the consideration for the load seasonality. For example,
Yates et al.[64] demonstrated that the California irrigation load increase by
6 percent in times of hydrological drought when hydropower resources are
reduced by 20 percent. In addition, energy storage is recognized as a critical
fleet component for shifting energy from hours with plentiful generation to
hours with high load. In the case of seasonal droughts, long term duration
energy storage with time scale of weeks and months may be necessary to
maintain grid reliability and price volatility.

8. Limitations

One limitation of this study is that load was not considered along side
generation. Considering load is important for resource adequacy considera-
tions at this time scale. For example, Fall was identified as the season with
the most likely compound VRE drought events, but this season typically has
mild temperatures in the US so the grid impacts of such events are uncer-
tain. To quantify the true grid impacts, load and transmission constraints
should be considered in future studies. To fully quantify these impacts, a
bulk power system model, such as a capacity expansion model or a unit
commitment economic dispatch model, is necessary.

Our results indicate some inconsistency between hydropower energy deficits
and their climate proxies (IWV and VPD), particularly in regions like the
TVA, Midwest, Intermountain, and Inner West. Hydropower is subject to
human management, especially for dams where the occurrence of hydropower
droughts is linked to atmospheric and hydrological drought conditions over
extended periods of time. An accurate explanation of the connection between
hydropower droughts and climate requires examining much longer timescales,
often multiple years. Therefore, a minimum time span must be established to
effectively use climate and weather patterns to explain hydropower droughts.
Additionally, since the time scales of wind and solar are much shorter it would
be beneficial to find an approach which allows for each resource to be included
at the time scale with the most impact, such as a wind and solar drought
during a heat wave which occurs during a period of hydrologic drought.
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se7 9. Conclusion

568 This study provides an analysis of compound wind, solar and hydropower
ss0  seasonal energy droughts across the contiguous Unites States. Hydropower
st is by far the most complex component of the renewable droughts, requiring
s climate, land surface and water management modeling. Hydropower neces-
s.2 sarily operates at a different timescale than wind or solar, necessitating a
s.3 longer seasonal view of variable renewable droughts and strategies in man-
s aging multiple water uses. At this seasonal timescale, weather variability be-
s7s  comes less important than the climatological complementarity of generation
ste  resources. Regions which have highly complementary resources for similar
s generating capacities will experience less compound drought and visa-versa.
s7s  While this is an intuitive result, it is important to quantify to aid in regional
s planning and to prevent overbuilding. Additionally, our analysis identifies
ss0 transmission-connected regions which have high risk for compound variable
ss1 renewable energy droughts to co-occur, which can support transmission plan-
ss2 ning adequacy and reliability studies.

583 Our climate analysis has indicated that predicting certain renewable sources
s« at the seasonal scale may be possible in some regions of the contiguous United
sss otates. The atmospheric conditions which lead to compound droughts are
ss complex and prediction of these compound events will require further study.
587 The case study presented serves as an example of how renewable energy
sss drought data can be incorporated into production cost models to determine
ss0  energy prices, transmission congestion, and carbon emissions during renew-
so0 able drought events. Our results indicated that the modeled 2030 infras-
so1 tructure was robust in the sense there was no unserved energy but this may
s change as wind and solar are rapidly developed. The compound droughts
503 we identified using coincident data may serve as a new baseline for resource
s adequacy planning. While coincident wind-solar-load datasets are necessary
sos for reliability studies and understand storage and reserve needs, this study
so6 indicates that hydropower drought conditions may be paired with other wind-
so7 solar-load datasets for the purpose of evaluating compound multi-scale ex-
s0s treme events, in some regions like the snowmelt dominated Western US. Such
so0  mix and match requires further evaluation and are scale-dependent and the
s0 provided analytics can support such regional evaluation.
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10. Data Availability

The data used in this paper is available on Zenodo:
https://zenodo.org/records/14270835. The code used to conduct the
analysis and produce figures is available on GitHub:
https://github.com/GODEEEP/seasonal-energy-droughts.
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Supplemental material for Seasonal compound

renewable energy droughts in the Unites States

The investigation into the weather mechanisms driving the occurrence
of seasonal energy droughts across various regions highlights important at-
mospheric variables influencing energy resources. In the Pacific Northwest
(PNW: PSEI, BPAT, PGE, and PACW) cluster, strong negative anomalies
of 850 hPa’s relative humidity (RH-850 in Figure S2) and upwind dry condi-
tions (WindSH-850 in Figure S2) typically influence solar energy. However,
as solar is not a dominant energy source in the PNW | these results are mis-
leading. On the other hand, strong negative anomalies in Wind10 due to
a typical Arctic Ridge pattern (GPH-500 in Figure S2) indicate a decrease
in wind speed. Integrated water vapor (IWV in Figure S2) shows moderate
negative anomalies, indicating reduced atmospheric moisture, while vapor
pressure deficit (VPD in Figure S2 ) has moderate positive anomalies, sig-

naling increased drying potential.

Similar to PNW, RH-850 and WindSH-850 conditions cannot explain
the solar droughts for the California (CA: CISO and LDWP) cluster. For
this cluster, wind speed, IWV, and VPD assist both wind and hydro energy
droughts except that the low wind condition is induced by a Pacific Trough

pattern instead of an Arctic Ridge, as seen in the PNW.

For the Intermountain West (NWMT, PACE, WACM, and PSCO) and
Inner West (AVA, IPCO, NEVP, WALC, and SRP) clusters, strong positive
anomalies in RH850 indicate excessive cloud cover, whereas moderate neg-
ative anomalies in Wind10 and an Arctic High pattern (GPH-500) suggest
reduced wind speeds, thus favoring wind energy droughts. Again, minimal
signals in IWV and VPD anomalies shown over the region can hardly explain

the causes of the hydro energy droughts.

The Midwest cluster, including SWPP, SPA, AECI, ERCO, and MISO,
displays strong positive RH850 anomalies and typical negative Wind10 anoma-
lies associated with an Arctic High pattern (GPH500). This indicates similar
effects with notable cloud cover reducing solar energy and diminished wind
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Figure S1: Co-occurrence heat map of compound VRE droughts. The element values indi-
cate the number of months in which compound VRE droughts co-occur between two BAs
within the 114 months for each season over 1982-2019, which corresponds to the spatial
networks illustrated in Figure 3a in the paper. The lower triangular section represents
data from fall, while the upper triangular section represents data from winter. The BAs
are sorted by NERC grid interconnection and Cluster in Table 1.
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speeds affecting wind energy availability. However, both IWV and VPD show
favorable hydro energy sources for the top 4 compound drought months,
which is as puzzling as the TVA hydro situation described below.

In the Northeast cluster (NE: PJM, NYIS, and ISNE), moderate positive
anomalies in 850 hPa relative humidity (RH850) signify enhanced cloud cover
contributing to solar energy droughts, along with moderate negative anoma-
lies in 10-meter wind (Wind10) indicating increased wind energy droughts.
The 500 hPa Geopotential height (GPH500) shows positive anomalies cen-
tered on the Northeast offshore, forming a moderate Pacific Trough pattern,
which is associated with a negative wind anomaly over the U.S. Northeast.
Integrated Water Vapor (IWV) also shows moderate negative anomalies, sug-
gesting reduced atmospheric moisture, while Vapor Pressure Deficit (VPD)
has moderate positive anomalies, implying a higher drying potential, and
enhancing hydro energy droughts.

Lastly, the TVA cluster (TVA) experiences strong positive RH-850 anoma-
lies, signaling significant cloud cover. Interestingly, IWV and VPD show
favorable hydroenergy conditions. Further investigation reveals that hydro
dominates the drought event for only one month out of the top four drought
months. However, three energy sources combined become compound energy
droughts, indicating the complexity of drought characteristics between single
energy sources and compound energy forms. Additionally, composite Wind10
or GPH500 has no clear indication for wind energy droughts due to limited
wind energy infrastructure in this region; hydro and solar are the primary
renewable energy sources.
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Figure S2: Composite monthly anomalies of Top 4 compound energy droughts for Pacific
Northwest. The scale circulation fields include 200 hPa’s temperature (T-200), 500 hPa’s
Geopotential height (GPH-500) and temperature (T-500), 850 hPa’s moisture transport
(windSH-850), temperature (T-850), and relative humidly (RH-850), 2 meter temperature
(T2), mean sea level pressure (MSL), integrated water vapor (IWV), 10 meter’s wind
(wind10), and vapor pressure deficit (VPD). Arrows in the figures denote the wind vectors
at the given level. Bar chat indicates the months the Top 4 events appear.
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Figure S3: Same as S2 but for CA
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Figure S4: Same as S2 but for Inner West
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Figure Sh: Same as S2 but for Intermountain West
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Figure S7: Same as S2 but for Northeast
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Figure S9: Climatology of the large scale circulation fields for the top 4 compound drought
events for the Pacific Northwest, including 200 hPa’s temperature (T-200), 500 hPa’s
Geopotential height (GPH-500) and temperature (T-500), 850 hPa’s moisture transport
(windSH-850), temperature (T-850), and relative humidly (RH-850), 2 meter temperature
(T2), mean sea level pressure (MSL), integrated water vapor (IWV), 10 meter’s wind
(wind10), and vapor pressure deficit (VPD). Arrows denote the wind vectors at the given
level.
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Figure S10: Same as S9 but for CA
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Figure S11: Same as S9 but for Inner West
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Figure S12: Same as S9 but for Intermountain West
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Figure S14: Same as S9 but for Northeast
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Figure S15: Same as S9 but for TVA
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