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I-WRF: Science Use Case #2: NCAR's Role -
Understanding Renewable Energy Droughts

What are renewable energy (RE) droughts?
» A shortfall of wind or solar energy generation

over some time period due to weather
variability compared to normally expected
generation for that time of year

Short-duration (a few hours) events can often
be mitigated with battery storage, dispatchable
generation, or transmission from other regions

Longer-duration (1 day +) events are more
difficult to cover, especially events with
coincident wind & solar droughts

Most RE drought events are less than 1 week,
but some can last months

e Summer 2021 over Europe
 Lowest wind summer in the previous 60 years

« A UK energy company reported that renewable assets
generated only 68% of the normally expected power
for that time of year

gaya Renewable Energy Park, Kuwait. Photo by Jared Lee.
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How do we define an RE drought?

« Definitions used in the literature and in

the industry:

. Durat|on Given Intensity (DGI)
Determines the worst droughts above
some fixed intensity threshold

« Most of the RE drought literature uses
DGI methods

« Capacity factor (CF) value

* 9% of long-term mean generation

* 9% of long-term day of year generation

« Wind speed value

~» Intensity Given Duration (IGD)

« Determines the worst droughts for a
given duration (commonly used in
hydrology)

- E.g., 1 day, 3 days, 1 week, etc., often
paired with a fixed CF or % power
threshold

« Alternatively, fit generalized extreme
value (GEV) curves to determine return

periods

Maui Wind Farm — Video by S.E. Haupt




Mitigating RE Droughts

Open questions regarding Renewable

Droughts:

* Need to understand patterns better to
alleviate

* Does wind + solar help? Where are gaps?

* What spatial scale averaging is needed to
mitigate droughts — do larger balancing
authorities help?

* What time frames for storage are needed
to mitigate droughts?

* Will over-deploying renewables mitigate
droughts?

These issues require new
spatial/temporal approaches

Haupt, S. E., 2025: Wind droughts threaten energy reliability. Nat. Clim. Chang., 15, 814-815,
https://doi.org/10.1038/s41558-025-02383-1.
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Wind droughts threaten energy reliability

Sue Ellen Haupt

|®|Check for updates

Wind energy Is helping to mitigate climate
change. But now a study shows that climate
change may make wind power lessrellable.

‘Wind energyIs azero-carbon source of energy that Iscruclal for redug-
ing the carbondloxide (CO,) emisslons that causeglobal warming while
providing Inexpensive power to keep electricity grids running. icis,
however, highlyvarable and sometimes not avallable, which can result
In so-called wind droughts. Some studies haveanalysed the potential
forwind droughts on a reglonal basls and quantified them in terms of
Intenslty, duration and return period™*. Now, In a study In Narure Cli-
mace Change, Meng Qu et al.*discuss the potentlal for wind droughts
and their likelyincreasen frequency under projected cimate change
conditions on aglobal scale. They find that record-breaking. and even
record-shattering, wind droughtsmay become more likely In the future.
Thelr work provides awarning that climate change could threatenthe
rellability of wind power.

Asthe global energy markets transition to l0w-carbon energy,
more wind plants are belng Installed to meet the need for Inexpen-
sive clean energy. The International Energy Agency estimates that
by 2030, renewable energy will provide 46% of global electricity. In
2023, wind electricity generation Increasad by 10%° and Is expected
to grow another 300% by 203010 SUPport net-zeroemissions by 2050
{ref. 7). wind power, however, Is highly variable and subject to the
whims of passing weather patterns. This means that lulls In wind, or
wind droughts, can threaten the energy supply, particularly as we
maove towards high penetration of wind energy In the future In order
10 mitigate CO, emissions. At the same time, the world Iswarming
due toanthropoegenic productionof CO;, alsolikely toaffect the wind
resource and Ies varliability, which has been a topic of study In the neld
for some time™”. Previous studles havefocused on the reglonalimpacts
of projected climate change onwind droughts.

The study by Qu et al. presents a robust global analysls using
hourly datafrom 21 ¢limate models from the recent Coupled Model
Intercomparison Project Phase & (CMIP6) set of runs across three
saparate Shared Socloeconomic Pathway emisslons scenarlos. Their
rigorous analysis projects the potential for more frequent and longer
droughts by the end of the twenty-first century, which is likely to
make the electricity grid more difficult to manage and degrade rell-
ability. This presents a conundrum — the same renewable energy
that has the potential to mitigate global warming is at risk due to
that projected warming, as the authors’ study projects an Increase In
wind drought duration acrass both global and reglonal scales. Thay
additionally seek to Interpret the causes of these Increases, tracing
them primarily to decreasing frequency of mid-latitude cyclones,
those weather-producing storms that progress across the same
densely populated reglons that host most of the world’s wind farms
— North America, Europe, western Russiaand central China. Finally,
Qu et al. assess whether these same regions arelikely to experience
record-breaking wind droughts. Indeed, for most of those reglons,
at least some of the CMIPé models project longer or more Intense

Wind energy provides an increasing amount of clean, renewable
energy, such as from this wind farm in Maui, Hawaii, USA.

wind droughts than have ever been experienced In the past. Although
this work would 1deally be accomplished with higher-resolution
simulations that better resolve terrain, land-water boundaries and
smaller-scale processes, such datasets are not yet avallable on the
global scale. Some higher-resolution studles™ showthatresults are
similartothose accomplished with the global models.

Another recent paper suggeststhatunderstandingthese droughts
Isthefirst amenganumber of possiblestepstowardsalleviating them*.
First, deploving a mix of wind and solar power Is likely to help, as In
many locatlons those resources are negatively correlated. Second,
averaging over larger reglons lowers the extent of the drought; thus,
larger transmisslonauthorities are better abletobalance over alarger
reglon. Third, further coupling of storage with renewables will allow
excess power to be stored during timesor high renewable energy avall-
ability. Finally, over-deploying renewable energy resources may be an
efficient method of assuring that clean energy Is avallable even when
wind Is not avallable.

Allofthese approacheswill requirethe abllity to better forecastthe
renewable energy droughts. Further research Identifying the atmos-
phericpatternsmostsusceptible to lowwind power generation holds
the potential for better planning on how to Al In the power supply
during those time periods. These Issuas will continue ta provide fod-
der for studying batter ways to leveraga renewable energy as a path
towards net-zero energy production. The workby Quetal. IsastepIn
that direction and sets the stage for a better understanding of wind
droughts and thelr causes.

Sue Ellen Haupt®
NSF National Canter for Atmospheric Resaarch, Boulder, CO, USA.
e-mail: haupi@ucar.edu
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MODE - Method for Object-based
Diagnostic Evaluation

« MODE (Method for Object-based

Diagnostic Evaluation) was developed as
one of the tools in MET to enable MET
assessment and verification of objects

beyond just POD/FAR - MET
. . : MET — =
* Primary use case is for comparing model |
precipitation fields against either observations ! [ ]
or another model, but can be applied to other
fields as well MET T BT

« Defines “objects” and characteristics of them . !
« Centroid, axis angle, object area, intensity,
location, etc.
« Can be used to compare climatological
distributions of selected object attributes



https://dtcenter.org/community-code/metplus

Example MODE analysis
WRF 24-h average 10-m wind speed, valid MODE objects for WS, < 3.0 m/s
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Cumulative area: 71,977 grid squares (10,364,688 km?)



Example MODE analysis

WRF 24-h average 10-m wind speed, valid MODE objects for WS, < 3.0 m/s
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Cumulative area: 75,562 grid squares (10,880,928 km?)



Case #2: NCAR Research Status

Completed / In Progress:

Wrote Python scripts to generate files of estimated
capacity factor (CF) for both wind and solar at every
grid point and hour in the NA-CORDEX files, using

the windpowerlib and pvlib Python packages.
Identifying and correcting metadata and
CF-compliance issues in WRF CORDEX files
Updating METplus code to enable it to correctly ingest
and process CORDEX-formatted files

Next Steps:

Calculate rolling averages of these wind & solar CFs for
various temporal durations (e.g., 1, 3, 5, 7 days) -
(IGD)
Over the main interconnects (WIC, EIC, QIC, ERCOT),
build climatologies of object attributes

« Individual object area

 Individual object 50%" & 90" percentile intensities
- Total object area

Compare stats from historical climate WRF to both
ERA5, ERA5BC, and future climate WRF




I-WRF Science Use Case #3

CNTL S02 NH3 NOX ALL

P I a n S fo r Ai r Q u a I ity Stu d i es 200308 MW 2003??'5“” S0, 2003?3_ MW NH, 20033? MW NO, 200308 MW ALL

Urban Air Quality (AQ)

- Containerize WRF-Chem for this .
esults from previous

science use case, democratizing  simulations with WRF-Chem
(applied with a grid spacing of 12

l 0.5
0.45

|tS use. km) where scenarios of precursor boa
. app s emission reductions (2005 to -
« What impacts will interannual 2015) were applied to historical -
variability and trends have on evenis with exireme near surface o3
. particle concentrations. The maps
urban AQ in the Northeast U.S.?  show events that impacted -
. different parts of the eastern USA
« Assess periods of extreme and show the probability of i
. hourly PM:s concentration >35 0.15
d erOSOI O pt|Ca I d epth an d pgm-s over the 3 days of each
near-su rfa ce sma I I pa rt| cu I ate extreme events for simulations 1
with 2005 (control experiment, 0.05
F matter " (PM2.5) left column), 2015 SOs, 2015 D

NHs, 2015 NOx, and 2015 (ALL,
right column) emissions. Areas
with probability less than 0.05 are
shown in white.

Guo, Y., P. Crippa, A. Thota, and S. C. Pryor, 2021a: Extreme aerosol events over eastern North America: Part 2. Responses to
changing emissions. J. Geophy. Res. Atmos., 126, €¢2020JD033759, https://doi.org/10.1029/2020JD033759.
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Case #3: Research Status

Completed / In Progress:
« Docker container of WRF-Chem
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