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Abstract

Wind and solar electricity generation is projected to expand substantially over the next several decades due both to rapid
cost declines as well as regulation designed to achieve climate targets. With increasing reliance on wind and solar genera-
tion, future energy systems may be vulnerable to previously underappreciated synoptic-scale variations characterized
by low wind and/or surface solar radiation. Here we use western North America as a case study region to investigate the
historical meteorology of weekly-scale “droughts”in potential wind power, potential solar power and their compound
occurrence. We also investigate the covariability between wind and solar droughts with potential stresses on energy
demand due to temperature deviations away human comfort levels. We find that wind power drought weeks tend to
occur in late summer and are characterized by a mid-level atmospheric ridge centered over British Columbia and high
sea level pressure on the lee side of the Rockies. Solar power drought weeks tend to occur near winter solstice when the
seasonal minimum in incoming solar radiation co-occurs with the tendency for mid-level troughs and low pressure sys-
tems over the U.S. southwest. Compound wind and solar power drought weeks consist of the aforementioned synoptic
pattern associated with wind droughts occurring near winter solstice when the solar resource is at its seasonal minimum.
We find that wind drought weeks are associated with high solar power (and vice versa) both seasonally and in terms of
synoptic meteorology, which supports the notion that wind and solar power generation can play complementary roles
in a diversified energy portfolio at synoptic spatiotemporal scales over western North America.

Keywords Electricity grid - Wind power - Solar power - Synoptic meteorology - QG theory - Wind drought - Solar
drought - Heat waves - Teleconnections - Extreme weather - Renewable energy - Climatology

1 Background
1.1 Energy system transition

Global energy consumption by human activities relies
largely on fossil fuels that cause global warming and
reduce air quality [1]. Thus, governments throughout the
world have pursued agreements to decarbonize their

economies by implementing policies that encourage an
accelerated transition away from fossil fuels [2].
Proposals to decarbonize economies often call for a
higher share of total energy consumption to originate
from electricity and for that electricity to be generated
by non-greenhouse gas emitting technologies [3]. These
technologies include wind, solar, nuclear, hydroelectric,
and geothermal power, among others. In 2018, wind and
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solar power accounted for only ~ 3% of total global energy
consumption [4]. However, over the 2010s, the cost of util-
ity-scale wind and solar power declined by 70% and 90%
respectively [5] and in an optimistic scenario, the United
States Energy Information Administration projects the cost
of wind power to decline by a further 60% and the cost of
solar power to decline by a further 75% by 2050 [6].

These considerations suggest that the global energy
infrastructure may be in the early stages of a transition
away from electricity generated from mostly fossil fuels
and towards electricity generation from near-zero green-
house gas emissions energy sources, with a substantial
fraction generated from wind and solar power. Projections
and proposals vary widely, but some call for over 90% of
United States electricity to be generated via wind turbines
and solar collectors by the 2030s to 2050s [7-10]. Regard-
less of their penetration levels by mid-century, wind and
solar power should continue to expand in the near-term
because, at their current fractional penetration levels, wind
and solar power are cost-competitive or cheaper than fos-
sil fuels on a levelized cost of energy (LCOE) basis. How-
ever, the total system costs of incorporating wind and solar
power scale exponentially as a larger fraction is added to
the grid due to their variability [11, 12].

1.2 Challenges associated with wind and solar
variability

Electricity demanded by society must be continuously
matched by electricity supplied and thus the primary
drawback to wind and solar power is that the resource
fueling this electricity is intrinsically variable and does
not vary in accordance with demand for energy [13-15].

Energy storage is expected to be capable of redistribut-
ing solar power collected during the day to the nighttime
hours [16], however, storage costs would need to come
down roughly two orders of magnitude in order to allow
for near 100% renewable electricity systems to cope with
longer term variability in the wind and solar resource,
while keeping system costs near their current levels [11,
171.

Additionally, correlation within a resource across space
or correlation between wind and solar resources, repre-
sents a challenge to robust, continuous generation of elec-
tricity because a reduction in one resource would typically
be associated with a simultaneous reduction in the other
[12]. Thus, the ability to transmit electricity over large geo-
graphic areas is advantageous not only because it is most
economically efficient to site wind and solar farms at rela-
tively remote locations where it is climatologically windi-
est and sunniest, but also because pooling resources over
large areas reduces the correlation between and within
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resources, making the total energy supply less variable
[18-23].

1.3 Purpose of article

Even renewable energy systems that incorporate long-dis-
tance transmission and sufficient energy storage to buffer
the daily solar cycle will still be vulnerable to synoptic-
scale weather events (i.e. at the several thousand kilometer
spatial scale and several day timescale) characterized by
particularly low wind resources, low surface solar radiation
and/or large heating or cooling demands. The purpose of
this article is to document the meteorology behind his-
torical synoptic-scale reductions in potential wind and
solar power energy resources (i.e., “droughts” [24]) as well
as their associations with temperature deviations away
from human comfort levels that could stimulate electric-
ity demand.

This study is particularly focused on the historical mete-
orology and climatology of such events (as opposed to their
impact on historical or hypothetical energy systems). Thus,
we investigate variables averaged over a large domain
without regard to particularities of the spatial distribution
of wind farms, solar farms or population. This allows us
to study the physical relationships between the meteoro-
logical variables as a foundation for future work that can
address questions specific to particular energy systems.

Another purpose of this article is to investigate whether
empirical data conforms to our first order meteorologi-
cal expectations. Specifically, low pressure systems are
simultaneously associated with cloudy conditions (low
solar power resource) and windy conditions (high wind
power resource) while high pressure systems are simul-
taneously associated with clear conditions (high solar
power resource) and calm conditions (low wind power
resource). Thus, a hypothesis that we are testing is that
wind droughts are associated with high pressure systems,
solar droughts are associated with low pressure systems
and the occurrence of a wind or solar drought would make
the other kind of drought less likely.

2 Details of analysis

When designing the analysis, we were conscious that
there is a trade-off between practical usefulness and the
illumination of fundamental physical understanding. In
this study we strongly emphasize the latter and we do
not deal with any practical sociological, technological,
or political constraints. Thus, in this study, we take a plot
of land roughly the size of an existing electricity grid and
document how potential wind power, potential solar
power, and temperature deviations away from 65 degrees
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Fahrenheit (i.e., pseudo heating and cooling degree days
experienced by land not people) vary and covary at weekly
timescales.

2.1 Spatiotemporal scale of analysis

For current energy systems, electricity supply and demand
mismatches at the hourly timescale have the most societal
impact and are the most well studied (e.g., [25]). In this
work we study the weekly timescale as we anticipate that
this timescale will become relevant in the future as energy
storage capacity increases [16]. The weekly timescale also
encapsulates the societal cycle in electricity demand asso-
ciated with the calendar week.

The spatial scale studied here was chosen to be roughly
the size of existing large power grids (several million
square kilometers). We study an area that approximately
encompasses the existing Western Interconnection
(WECC) power grid (Fig. 1). This region of western North
America (WNA) contains substantial annual mean wind
and solar power resources [26-28]. These resources, how-
ever, are subject to substantial seasonal and synoptic vari-
ability [20, 29-31].

From a meteorological perspective, the weekly time-
scale and several million square kilometer spatial scale is
relevant because these are the scales for which Rossby
Waves often manifest at mid latitudes. Rossby Waves
would typically traverse our WNA domain in %2 to 2 %2
days so an individual trough or ridge would typically be a
transient phenomenon at the weekly timescale. Neverthe-
less, the coincidence of two or three such waves of similar
character within a week, or a slow-moving cut-off low or
blocking high, would cause persistent weather conditions
over the domain at the weekly timescale.

This is also a natural spatiotemporal scale to study as
it has a long meteorological history in the explanation of
temperature and precipitation variability. Such variability
is often discussed in the context of preferred states of the
atmosphere quantified with teleconnection indices like
the Pacific North American Pattern (PNA) [32], Arctic Oscil-
lation (AO) [33], and the North Atlantic Oscillation (NAO)
[34], among others. For example, the NOAA Synoptic Dis-
cussion typically averages variables over the one week
timescale in their retrospective reports on U.S. weather
and often discusses these events in the context of the
above teleconnection indices [35].

Finally, extreme weather at this spatiotemporal scale has
had a demonstrable impact on electricity grids historically.
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Fig. 1 Climatology of the wind and solar resources and heating and
cooling degree days experienced by land. Left) spatial distribution
of climatology for different portions of the year. The wind resource
considers a wind power curve and the solar resource takes temper-
ature influences on photovoltaic efficiency into account. Both the

wind and solar resource are expressed as a proportion of the long
term domain mean to emphasize the spatial distribution of the
resource rather than the absolute value which depends on tech-
nological assumptions. Right) temporal distribution of climatology
with 1st percentile drought weeks highlighted
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For example, the rotating electricity outages implemented
by the California Independent System Operator Corporation
(CAISO) in mid-August 2020 were associated with a thermal
ridge over the western half of the United States that cor-
responded to a strongly positive PNA pattern evident from
August 15-21, 2020 [36]. Another pertinent example was
the extreme cold event experienced in mid-February 2021
that led to widespread electricity outages in Texas [37]. That
event was associated with a persistent trough over the cen-
tral United States, which corresponds to a strongly negative
AO [35].

The above two instances of electric grid failure were
caused mostly by sharp increases in electricity demand for
cooling and heating, but both were exacerbated by some
reduction in renewable resources and they serve to high-
light a spatiotemporal scale at which electricity systems are
sensitive. Here we focus on extreme reductions in the wind
and solar power resources at roughly the same spatiotem-
poral scales.

2.2 Wind and solar droughts

Henceforth in this study, we refer to a“drought”as a week in
which the wind power resource or the solar power resource
(or their combination), averaged over the entire week and
the entire domain (Fig. 1), is in the first percentile of all weeks
considered (from 1950 to 2020). A first percentile week cor-
responds to a return period of approximately two years. The
first percentile is defined with respect to the entire record,
not with respect to the mean for that calendar week of the
year. We define droughts this way because, from an energy
system perspective, the absolute magnitude of the energy
resource is what is relevant for meeting electricity demand,
not the anomaly relative to the typical seasonal cycle. This
is different than the consideration for hydrological droughts
in which human and natural systems are thought to already
be accustomed and/or adapted to the seasonal cycle and
thus it is deviations away from this seasonal cycle that are
most important.

The spatial component of the definition of a drought is
arbitrary but in this paper we define droughts as lulls in the
resource averaged over the entire domain which is roughly
the size of the Western Interconnection electricity grid where
wind and solar resources might be able to be pooled (Fig. 1).

For compound wind and solar droughts we find the first
percentile weeks after both resources have been normalized
by their mean over the entire record and summed,

wind power(t)

In order to illustrate the characteristic atmospheric
circulation configuration associated with wind droughts,
solar droughts and compound wind and solar droughts,
we show composites of many variables over all drought
weeks in the dataset (Figs. 3, 4 and 5). The length of
our dataset is 71 years (1950-2020 inclusive) which is
3692 weeks. Thus, there are 37 weeks that make up the first
percentile. To measure coherence between drought events
we stipple the locations where at least 75% (28 out of 37)
of the drought weeks agree in the sign of their anomaly
(with respect to that calendar week of the year).

2.3 Variables and data

All of our analysis is conducted using ERA5 reanalysis data
from 1950 to 2020 [38]. ERA5 assimilates a large amount
of observations into a dynamical weather model to pro-
duce a physically-consistent estimation of the state of the
ocean, atmosphere and land surface. We use 1°x 1° out-
put within the WNA domain (Fig. 1), and 2.5°x 2.5° for the
Northern Hemisphere atmosphere outside of the domain
(Figs. 4, 5).

We are primarily interested in the meteorological rela-
tionships between the wind resource, the solar resource
and temperature. Nevertheless, since this study is moti-
vated by potential future renewable energy systems, we
do make some first order adjustments to the resources
to better reflect their potential to be converted to elec-
tricity. Specifically, we convert hourly wind speed values
at 100 m altitude to hourly wind power at 100 m via the
power curve shown in Fig. S1. For the solar resource, we
begin with the hourly downward incident surface solar
radiation and we make an adjustment based on that radi-
ation and temperature to account for the attribute that
photovoltaic performance is a function of both of these
variables [39] (Fig. S2) We do not make further adjustments
to either wind or solar power potential because we want
the focus to remain on the resources themselves rather
than the technology to harvest those resources (which is
more subject to uncertainty and change).

ERAS5 atmospheric data has a resolution of 31 km (T639).
This resolution is not sufficient to represent mesoscale and
boundary layer features that will impact short-timescale
variability at the level of particular wind/solar farms. Nev-
ertheless, previous studies have indicated that ERAS5 is suf-
ficient to conduct renewable energy analysis at the courser

solar power(t)

“compound wind and solar droughts” = 1st percentile

mean(wind power(t))

mean(solar power(t)) |’
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resolution that we consider here [19, 40, 41]. Additionally,
we compare our ERA5-derived variables over specific
regions where wind and solar generation data was avail-
able from the US Energy Information Administration to
confirm that the variability of our reanalysis-inferred solar
and wind resources is a reasonable representation of the
variability of measured generation in those locations (Figs.
S3 and S4).

We also considered daily mean temperature
([Trmin + Tmaxl/2) departures from 65°f (18 °C) where posi-
tive departures represent cooling degree days (CDDs)
and negative departures represent heating degree days
(HDDs). We investigate these quantities because they
represent the geophysical variables most likely to affect
demand-side stress on the energy system [42, 43]. How-
ever, because we want to focus on the physical relation-
ships between wind, surface solar radiation and tempera-
ture, regardless of the particularities of the energy system/
population distribution, we do not weigh these CDDs or
HDDs by population. Thus, in this paper we discuss CDDs
and HDDs experienced by land, not people.

As mentioned above, all values were averaged to the
weekly scale prior to subsequent analysis. In order to sim-
plify the analysis and deal with leap years, the first week
of each year was defined to begin on January 1st of that
year and 52 weeks were included in each year. This meant
that the first 364 days of each year were included in our
analysis and the last one or two days of each year were
not included.

3 Results

We first establish the contextual long-term climatology of
the wind power resource, the solar power resource, and
heating/cooling degree days (experienced by land) prior
to investigating their most extreme weeks.

3.1 Spatial long-term climatology

Most of the wind power supply is located on the lee side
(i.e., to the east) of the Rocky Mountains in the U.S!s “wind
corridor” (Fig. 1a—c). There is little seasonal spatial shift in
the location of the maximum wind supply and instead
the stationary pattern intensifies in winter and weakens
in summer (c.f. Fig. 1a, b).

The surface solar power resource is concentrated in the
southwest corner of the land in the domain but is more
homogeneous than the wind power resource because
topography exerts a smaller influence on cloud cover than
it does on near surface atmospheric flow. Near the summer
solstice, the meridional gradient of top-of-atmosphere
daily mean incoming solar radiation is very small so most

of the spatial variation in surface solar radiation is due to
cloud cover (Fig. 1e). Because of this, summer zonal gradi-
ents in incident solar radiation can be as large as meridi-
onal gradients. Near the winter solstice, on the contrary,
the meridional gradient of incident daily mean incoming
solar radiation is dominant (Fig. 1d).

The seasonal cycle in HDDs and CDDs is as would be
expected. Most of the domain has a long-term daily mean
temperature colder than 18 °C so there are more HDDs
than CDDs (c.f. Fig. 11, i). Seasonally, this affect is most
pronounced in the winter when there is nearly zero land
experiencing CDDs (Fig. 1g) but substantial HDDs (over 30
HDDs per day over most of the higher latitudes and eleva-
tions; Fig. 1j). Even in the summer there are only slightly
more CDDs than HDDs when averaged over the domain
(c.f. Fig. 1h, k). Despite this, because of the larger use of
electricity for cooling than for heating and because of the
tendency for people to live in warmer climates, electric-
ity demand over the Western Interconnection tends to
peak in the late summer [20]. This pattern of a dual peak
in demand (one corresponding to the winter peak in HDDs
and one corresponding to the summer peak in CDDs) is
observed in actual load data for the United States.

3.2 Seasonal long-term climatology

The right side of Fig. 1 shows the mean and standard devi-
ation of the seasonal cycle for the solar power resource,
the wind power resource, HDDs and CDDs averaged over
the entire WNA domain. All values are expressed as a frac-
tion of their long-term mean value.

The solar power resource runs from ~40% of its annual
mean near the winter solstice to~160% of its annual
mean near the summer solstice (Fig. Tm). Variability in
solar power is dominated by the seasonal cycle. This sug-
gests that solar droughts (as defined here using absolute
minimum weeks over the entire period) will occur during
the weeks near the winter solstice (squares in Fig. Tm, n).

The seasonal cycle in wind power is slightly anticorre-
lated with the seasonal cycle in solar power but its phase
lags that of solar power by about five weeks (Fig. Tm). The
amplitude of the seasonal cycle in wind power is much less
than the amplitude of the seasonal cycle in solar power.
Wind power supply is about 110% above its annual mean
for much of the cooler portion of the year and it dips to
about 60% of its annual mean in mid to late summer when
the Northern Hemisphere meridional temperature gradi-
ent, and thus upper-level geostrophic wind, is at an annual
minimum. However, wind power variability is dominated
by synoptic weather conditions rather than the seasonal
cycle. This implies that a wind drought can plausibly occur
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at any time of the year but that they are most-likely in the
late summer in July and August (circles in Fig. Tm, n).

Overall, weekly solar power has 167% of the variability
of weekly wind power and weekly solar variability is domi-
nated by the seasonal cycle (99% of weekly solar variability
is linearly explained by the week-of-the-year) while wind
power variability is dictated more by atmospheric circu-
lation variability (only 42% of weekly wind variability is
linearly explained by the week-of-the-year).

3.3 Weekly wind and solar values

Figure 2 shows the domain mean for each week in the
dataset plotted in a two-dimensional wind power and
solar power space with CDDs displayed as colors (Fig.
S5 shows the corresponding figure with HDDs). Wind
droughts are shown as circles with black outlines, solar
droughts as squares with black outlines and compound
wind and solar droughts as diamonds with black outlines
(same as in Fig. Tm, n).

Wind droughts tended to occur in astronomical summer
(Fig. Tm and Quadrant Il in Fig. 2). During wind droughts,
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solar power averaged ~ 135% of its long-term mean (large
dark circle in Fig. 2), with a tendency towards increased
CDDs and decreased HDDs.

Solar droughts all occurred around the winter solstice
(Fig. Tm and Quadrant lll and Quadrant IV in Fig. 2). During
solar droughts, wind power had a mean of ~111% of its
long-term mean (large dark square in Fig. 2), with a ten-
dency towards decreased CDDs and increased HDDs.

Simultaneously considering the proxies for energy sup-
ply (Fig. Tm and axes of Fig. 2) and energy demand (Fig. 1n
and colors of Fig. 2 and Fig. S5), the least stress on the
energy system would be experienced in the astronomi-
cal spring when both wind and solar power tend to be
above their long-term mean and both HDDs and CDDs
are near their long-term mean. Conversely, the most stress
on the energy system would tend to occur in the astro-
nomical autumn (Quadrant lll of Fig. 2), when there tends
to be low solar power and still the substantial possibility
for low wind power. HDDs are also high at this time (Fig.
S5), potentially adding stress on the demand side of an
underlying energy system if that system uses electricity
for heating.

300
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Fig.2 All weekly values from 1950 to 2020 (average over the west-
ern North America domain, Fig. 1) for power supplied by wind and
solar resources (x and y axes respectively) and a proxy for power
demanded via cooling degree days (color of dots). The mean sea-
sonal cycle in wind and solar power is shown by the black loop (52
black dots for each week of the year). Drought weeks are indicated
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with black edge colors with wind droughts represented as circles,
solar droughts represented as squares and compound wind and
solar droughts represented as diamonds. An animation show-
ing the degree to which there is persistence in time can be seen
at https://www.youtube.com/watch?v=xF8u7B5XXzU
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There are 23 weeks in the 71 year time period where
CDDs were above their long term mean while both wind
and solar resources were below their long term mean
(pink and red circles in Quadrant Il of Fig. 2). None of these
weeks reach the wind/solar drought threshold so we will
not focus on them here but they nevertheless indicate
potentially large stress on an underlying energy system
and may merit study in future research.

Compound wind and solar droughts all occur near the
winter solstice (Fig. Tm and Quadrant lll in Fig. 2). This
is because the dominance of the seasonal cycle in solar
power confines the compound wind and solar droughts
to this time of the year. During compound wind and solar
droughts, solar power tends to be ~43% of its long-term
mean and wind power tends to be ~56% of its long-term
mean (dark diamond in Fig. 2), with a tendency towards
decreased CDDs and increased HDDs (Fig. S5). Thus heat-
ing demand is more of a concern than cooling demand
with regard to electricity demand increases exacerbating
compound wind and solar droughts.

3.4 Synoptic meteorology of wind and solar
droughts

Here we assess the first-order, proximate, synoptic-
dynamic mechanisms associated with wind and solar
droughts. From this perspective, our expectation is that
surface high pressure systems will be associated with sub-
sidence, clear skies (enhanced surface solar radiation) and
calm conditions. On the other hand, surface low pressure
systems will be associated with ascent, clouds (reduced
surface solar radiation) and enhanced wind. As mentioned
above, one of our central questions is to see if the empiri-
cal data conforms to this first order expectation.

We connect surface high and low pressure systems to
dynamic “forcing” aloft by invoking Quasi-Geostrophic
(QG) Theory [44, 45]. QG theory states that under a number
of assumptions that are plausible at synoptic spatiotem-
poral scales, vertical motion in the atmosphere is related
to non-geostrophic circulations that restore thermal wind
balance: Positive (negative) differential vorticity advection
by the geostrophic wind is associated with divergence
(convergence) aloft, ascent (subsidence) and low (high)
surface pressure. Also, relatively warm (cold) tempera-
ture advection by the geostrophic wind implies upward
(downward) vertical motion over the lower half of the
atmosphere which is associated with surface low (high)
pressure. We use a standard meteorological convention of
investigating vorticity advection via the relative vorticity
at 500mb (Fig. 5d-f) and temperature advection at the
700mb level temperature (Fig. 5g-i.).

3.5 Wind droughts

Figure 3 shows the average normalized spatial anomalies
of wind power, solar power, and temperature variables
during drought events. During a typical wind drought,
the entire WNA domain tends to experience reduced wind
with respect to the mean for that week of the year (spatial
average of 43% of typical wind power, Fig. 3a). During a
wind drought, solar power tends to be both above-aver-
age seasonally (135% long-term mean) and slightly above
average with respect to the mean for that week of the year
(102%, Fig. 3d). Thus, wind droughts tend to be accom-
panied by slightly enhanced solar availability. However,
wind droughts are consistently associated with slightly
less solar power than average over the climatologically
sunniest region (indicated by the stippling on the bottom
half of the WNA domain in Fig. 3d).

During wind droughts, it tends to be warmer than aver-
age to the north where climatological temperatures are
below 18 °C and colder than average to the south where
climatological temperatures are above 18 °C (Fig. 3g). This
is indicative of a simultaneous reduction in HDDs and
CDDs potentially reducing stress on the demand side of
a hypothetical underlying energy system.

Wind droughts tend to be associated with a warm core
(dynamic) high over British Columbia flanked by cold core
lows on either side (Figs. 4d and 5g). This is reminiscent of
a positive Pacific North American (PNA) pattern that accen-
tuates the typical meridional deviations in the large-scale
atmospheric flow, making it wavier than normal and pos-
sibly generating more persistent conditions.

At mid-levels, we see convergence over most of the
WNA domain (Fig. 5a) associated with subsidence and high
sea level pressure (Fig. 4g). One reason for this is likely the
negative vorticity advection on the downstream side of
ridge (Fig. 5d) and the negative vorticity advection associ-
ated with the left entrance region of a jet streak at 250mb
(Fig. 4a). Additionally, cold air advection over some of the
eastern side of the domain promotes subsidence (Fig. 5g).
Some positive vorticity advection and divergence is also
observed near the southwest U.S. (Fig. 5a, d) which would
typically be associated with upward vertical motion and
thus is consistent with the region experiencing anoma-
lously cloudy conditions (Fig. 3d).

Sea surface temperature anomalies show a pattern
reminiscent of a western Pacific El Nifio occurring during
an enhanced Aleutian low [46] and a positive phase of the
Pacific Decadal Oscillation (PDO, [47-49]) (Fig. 4j). How-
ever, the lack of widespread stippling indicates that this
is not a necessary condition for a wind drought and that
they can easily occur under a diverse set of sea surface
temperature patterns (Fig. S13).
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Fig.3 Composites over the 37 weeks (out of 3692 weeks from 1950
to 2020) with the lowest domain-average wind power (a, d, g), solar
power (b, e, h) and combined wind and solar power (¢, f, i). The 37
most extreme weeks represent the ~ 1st percentile across the data-
set or equivalently, they represent extremes with approximately
2-year return periods. The colored shading in each panel represents
the mean anomaly (either normalized or absolute) with respect to
the typical value for that week of the year and the stippling shows
where at least 28 of the 37 weeks (>75%) showed anomalies of
the same sign. The mean anomalies with respect to the long-term

3.6 Solar droughts

During a typical solar drought, almost the entire WNA
domain consistently experiences reduced solar power
with respect to the week-of-the-year (spatial average
of 93% of typical values, Fig. 3e). Also, during a solar
drought, there tends to be more wind power than aver-
age overall (111% of long-term mean, Fig. 3b) and it
tends to be windier than average with respect to the
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(annual) mean are displayed atop each panel. The contours in pan-
els a-c show the same values as Fig. 1c and the contours in pan-
els d-f show the same values as Fig. 1f which helps illustrate how
the anomalies interact with the mean spatial distribution of the
resources. The absolute deviation from 18 °C (65°F) are contoured
in g-i with positive values contoured red and negative values con-
toured blue. Figures S6-S9 show plots for each individual drought
event. Figures S16 and S19 shows the sensitivity of this plot to
defining droughts using either the 0.5th percentile (Fig. S16) or the
2nd percentile (Fig. S19)

mean for that week of the year (101%, Fig. 3b). This is fur-
ther evidence of an inverse relationship between wind
and solar power. This anomalously high wind power is
centered over the southwest U.S. but a lack of stippling
indicates that the spatial manifestation of this feature is
not consistent across solar drought events.

During a typical solar drought, the surface over most of
the domain tends to be warmer than average for that week
of the year (Fig. 3h). Since the entire domain is typically



SN Applied Sciences (2021) 3:814

| https://doi.org/10.1007/s42452-021-04794-z

Research Article

Wind droughts

D e

250mb heights
(contoured),
wind (vectors),
wind speed
(colored)

500mb heights

wind (vectors),

height

anomalies
(colored)

Altitude

anomalous sea

level pressure
(contoured
and colored)

sea surface

temperature
anomalies
(colored)

Fig.4 Composites over the 37 weeks (out of 3692 weeks from 1950
to 2020) with the lowest domain-average wind power (a, d, g, j),
solar power (b, e, h, k) and combined wind and solar power (c, f, i,
1). The 37 most extreme weeks represent the ~ 1st percentile across
the dataset or equivalently, they represent extremes with approxi-
mately 2-year return periods. The variables displayed are described
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value for that week of the year and the stippling shows where at
least 28 of the 37 weeks (>75%) showed anomalies of the same
sign. Figures S10-512 show 500 mb height plots for each individual
drought event and Figs. S13-S15 show sea surface temperature
anomaly plots for each individual drought event. Figures S17 and
$20 shows the sensitivity of this plot to defining droughts using
either the 0.5th percentile (Fig. S17) or the 2nd percentile (Fig. S20)
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Fig.5 Composites over the 37 weeks (out of 3692 weeks from 1950
to 2020) with the lowest domain-average wind power (a, d, g), solar
power (b, e, h) and combined wind and solar power (¢, f, i). The 37
most extreme weeks represent the ~ 1st percentile across the data-
set or equivalently, they represent extremes with approximately

below 18 °C during the winter (Fig. 1j), this reduces HDDs.
Thus, the stress-inducing impact of solar droughts on a
hypothetical underlying energy system may be partially
mitigated by their co-occurrence with reduced HDDs.

Solar droughts tend to be associated with cold core
(dynamic) lows occurring on the west coast of the U.S.
(Fig. 4e, h). This damps the typical meridional deviations
in the large-scale flow, making it more zonal than normal
and possibly contributes to the shorter duration of solar
droughts compared to wind droughts.

2-year return periods. The variables displayed are described on the
left. The stippling shows where at least 28 of the 37 weeks (>75%)
showed values of the same sign. Figures S18 and S21 shows the
sensitivity of this plot to defining droughts using either the 0.5th
percentile (Fig. S18) or the 2nd percentile (Fig. S21)

At mid-levels, we see divergence off the west coast of
WNA (Fig. 5b), which in turn is associated with ascent, low
sea level pressure (Fig. 4h), high winds (Fig. 3b) and cloud-
ier than normal conditions (Fig. 3e). One reason for this is
likely the positive shear vorticity advection off the west
coast of WNA (Fig. 5e) and the positive vorticity advection
associated with the left exit region of a jet streak on the
northwest side of the WNA domain at 250 mb (Fig. 4b).
Additionally, some slight warm air advection is seen off
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the west coast of WNA which also is associated with ascent
(Fig. 5h).

We see some evidence that solar droughts are associ-
ated with the positive state of the North Atlantic Oscilla-
tion [50, 51] (Fig. 4h, k), and are slightly associated with
the negative phase of Atlantic Multidecadal Variability
([52] AMV, Fig. 4k) but with little consistency across events
(see the diversity of patterns in Fig. S14). There is some
evidence of an association with El Nifo and this becomes
stronger when more extreme solar droughts are consid-
ered (using a half percentile threshold, c.f. Fig. 4k with Fig.
S17Kk).

3.7 Compound wind and solar droughts

Compound wind and solar drought events tend to be simi-
lar in character to wind drought events in terms of their
surface manifestation (c.f. the right and left columns of
Fig. 3), and their circulations (cf. the right and left columns
of Figs. 3 and 4). There is relatively little atmospheric circu-
lation influence on surface solar radiation (relative to the
influence of the seasonal cycle) and thus it is the atmos-
pheric influence on the wind that dictates the occurrence
of compound wind and solar droughts.

Compound wind and solar drought events tend to be
characterized by warm air advection (Fig. 5i), which would
typically be associated with ascent, enhanced winds and
storms. However, the negative vorticity advection (Fig. 5f)
appears to cancel this effect, resulting in convergence aloft
over the climatological windiest region (Fig. 5¢).

4 Discussion and summary

The purpose of this article was to document the climatol-
ogy and synoptic meteorology associated with extreme
reductions in wind and solar energy resource availability
at the weekly timescale over western North America (i.e.,
wind and solar “droughts”).

We found that on the spatiotemporal scale selected
(averaged weekly and over all of western North America),
solar power varies 2/3rds more (i.e., 167%) than wind
power and that solar variability is dominated by the
seasonal cycle (99% of weekly-mean solar variability is
explained linearly by the week-of-the-year) while wind
power variability is dictated more by atmospheric circula-
tion variability (only 42% of weekly-mean wind variability
is explained linearly by the week-of-the-year).

We found that wind droughts tend to occur in late
summer when solar power is high, cooling degree days
experienced by land tend to be high and heating degree
days experienced by land tend to be low. Wind droughts
are associated with higher than average solar resources
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both due to the seasonal cycle and the synoptic weather
setup. This supports the notion of added value for energy
resource portfolios that include both wind and solar
energy [20].

Wind drought events were associated with a thermal
mid-level ridge (warm core high) centered over British
Columbia near the left entrance region of jet streak.
This pattern was also accompanied by mid-level con-
vergence, synoptic scale subsidence and surface high
pressure due to negative vorticity advection and cold air
advection into the region. This was associated with clear
skies and sunnier/warmer conditions to the north of the
domain. We found evidence that wind droughts were
weakly associated with western Pacific El Nifio events
during positive PDO but that they appear to emerge pre-
dominantly from internal atmospheric variability rather
than requiring sea surface temperature anomaly forcing.

We found that solar drought events were confined
to near the winter solstice when available wind power
tends to be high, CDDs tend to be low and HDDs tend
to be high. Solar drought events were associated with a
thermal mid-level trough (cold core low) off of the west
coast of North America near the left exit region of a jet
streak. This pattern was also accompanied by mid-level
divergence and synoptic scale ascent due to positive
vorticity advection and warm air advection into the
region. This was associated with surface low pressure,
cloudy, windy and warm conditions in the southwest
U.S. There is some evidence that this is associated with a
positive North Atlantic Oscillation-like signature, which
suggests some potential predictability [53].

We found that compound wind and solar droughts
resulted from atmospheric circulation patterns reminis-
cent of wind droughts but that they occurred in the win-
ter when there was little climatological available solar
power. Compound wind and solar droughts occurred
seasonally when HDDs were largest and the synoptic cir-
culation associated with the compound drought events
exacerbates this to a small degree. This means that the
electrification of heating could potentially make these
compound wind and solar droughts high stress events
on a hypothetical underlying energy system (though this
may be simultaneously mitigated by global warming).

Returning to the hypothesis and scientific question
posed above, we interpret the results as confirming
the hypothesis that wind droughts are typically asso-
ciated with high pressure systems and solar droughts
are typically associated with low pressure systems and
thus wind and solar resources should be anti-correlated
at synoptic scales. Furthermore, we found that the syn-
optic-dynamic meteorology of these phenomena was
interpretable through Quasi-Geostrophic Theory. This
indicates that these droughts are manifestations of
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well-known weather patterns and are not the result of
some unexpected or exotic mechanism. This is evidence
that wind and solar droughts should be as forecastable
as any synoptic weather phenomena on daily to seasonal
timescales and it suggests that they should be repre-
sented reasonably well by courser resolution climate
models.

The dipole and tri-pole like wave patterns in Fig. 4d-f
suggest opposite anomalies on the eastern and western
sides of North America meaning that below normal wind
power (above normal solar power) on the western side
of North America would be compensated for by above
normal wind power (below normal solar power) on the
eastern side of North America. This supports the notion
that there is value in moving towards a continental scale
“supergrid” connected by high voltage transmission [9].
This may be the case more generally in the sense that elec-
tric grids at midlatitudes could greatly benefit from being
large enough to encompass the full wavelength of typical
Rossby Waves.

Looking forward, mean changes in the wind and
solar resource are possible over western North America
that could shift the likelihood of wind and solar drought
events. Long-term mean incident surface solar radiation
is expected to remain roughly steady [54] or perhaps
increase slightly [55] due to decreases in relative humid-
ity and clouds over land [56] while long-term mean wind
change is uncertain [28] with some studies suggesting a
slight increase [55] and others suggesting a slight decrease
[57]. We also expect progressively more cooling degree
days and less heating degree days [58]. However, these
trends in the long-term-mean would not necessarily trans-
late into proportional changes in the statistics of drought
events which could be overwhelmed by the particulars of
changes in atmospheric circulation like the frequency of
atmospheric blocking events [59]. Nevertheless, we found
very little evidence for changes in wind and solar droughts
historically (Fig. S22).

Overall, this documentary study serves as a prototype
for future work that can focus on different locations, differ-
ent spatiotemporal scales, changes over time, and/or can
add more energy system specificity. Ultimately we hope
that this may help provide a foundation for the scientific
understanding of weather events that will be consequen-
tial for renewable energy systems of the future.
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