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I-WRF: Science Use Case #2: NCAR’s Role – Understanding 
Renewable Energy 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
• 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

What are renewable energy (RE) droughts?



How do we define an RE drought?

Maui Wind Farm – Photo by S.E. Haupt



Pryor et al. (2023): Probability of wind drought/bonus

• WRF at 12-km grid spacing, dynamically 
downscaling MPI-ESM-LR under RCP8.5 forcing 
from 2010–2049

• 14 of 19 wind farms examined retain capacity 
factor variability in the 2040s consistent with 
that from the 2010s, but the remaining 5 farms 
all saw decreases in 50th percentile annual 
capacity factor

• Wind drought probability trending upward and 
wind bonus probability trending downward for 
Northern Great Plains
• But even these small trends are within the 

envelope of current interannual variability
• Slight increase in wind 

drought probability in 
Midwest, but otherwise no 
clear trends in the regions 
studied through 2040s



Mitigating RE Droughts

Open questions regarding Renewable 
Droughts:

• Need to understand 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.

https://doi.org/10.1038/s41558-025-02383-1


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 
assessment and verification of objects 
beyond just POD/FAR
• Primary use case is for comparing model 

precipitation fields against either observations 
or another model, but can be applied to other 
fields as well

• 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 

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


Example MODE analysis

Cumulative area: 71,977 grid squares (10,364,688 km2)

WRF 24-h average 10-m wind speed, valid valid 
1962-10-30_1800

MODE objects for WS10 < 3.0 m/s



Example MODE analysis

WRF 24-h average 10-m wind speed, valid 
1962-10-31_1800

MODE objects for WS10 < 3.0 m/s

Cumulative area: 75,562 grid squares (10,880,928 km2)



Research Plan

• Convert 12-km WRF hourly output 
into both 100-m wind & solar 
irradiance CFs

• 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 50th & 90th 

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

Results from previous 
simulations with WRF-Chem 
(applied with a grid spacing of 12 
km) where scenarios of precursor 
emission reductions (2005 to 
2015) were applied to historical 
events with extreme near surface 
particle concentrations. The maps 
show events that impacted 
different parts of the eastern USA 
and show the probability of 
hourly PM2.5 concentration >35 
μgm-3 over the 3 days of each 
extreme events for simulations 
with 2005 (control experiment, 
left column), 2015 SO2, 2015 
NH3, 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, e2020JD033759, https://doi.org/10.1029/2020JD033759.

Urban Air Quality (AQ)
– Containerize WRF-Chem 

for this science use case
– What impacts will climate 

change have on urban AQ 
in the Northeast U.S.?

AP Photo/Adam Rountree

Plans for Air Quality Studies of the 
Northeast Corridor

CNTL             SO2             NH3               NOX             ALL



• Democratize access to WRF-Chem 
–traditionally the purview of a small 
number of researchers 

• Analyze whether global climate 
warming may lead to increased 
stagnation (dynamics) and/or 
increased anthropogenic and/or 
biogenic precursor emissions 
(chemistry).

• Assess periods of extreme aerosol 
optical depth and near-surface 
small particulate matter (PM2.5)

I-WRF Science Use Case #3: Air Quality of the Northeast Corridor

A hazy smog settles over the Hudson River in New York City. 
New York City is one of several U.S. megacities that’s being 
targeted by a major air pollution research campaign led by 
NOAA underway in Summer 2023. Undated photo. (Image 
credit: iStock)

https://www.noaa.gov/news-release/noaa-nasa-spearheading-
massive-air-quality-research-campaign-summer




