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1 Abstract

The interplay between energy, climate, and weather is becoming more complex due to increasing
contributions of renewable energy generation, energy storage, electrified end uses, and the
increasing frequency of extreme weather events. Energy system analyses commonly rely on
meteorological inputs to estimate renewable energy generation and energy demand; however,
these inputs rarely represent the estimated impacts of future climate change. Climate models and
publicly available climate change datasets can be used for this purpose, but the selection of
inputs from the myriad of available models and datasets is a nuanced and subjective process. In
this work, we assess datasets from various global climate models (GCMs) from the Coupled
Model Intercomparison Project Phase 6 (CMIP6). We present evaluations of their skills with
respect to the historical climate and comparisons of their future projections of climate change for
two climate change scenarios. We present the results for different climatic and energy system
regions and include interactive figures in the accompanying software repository. Previous work
has presented similar GCM evaluations, but none have presented variables and metrics
specifically intended for comprehensive energy systems analysis including impacts on energy
demand, thermal cooling, hydropower, water availability, solar energy generation, and wind
energy generation. We focus on GCM output meteorological variables that directly affect these
energy system components including the representation of extreme values that can drive grid
resilience events. The objective of this work is not to recommend the best climate model and
dataset for a given analysis, but instead to provide a reference to facilitate the selection of
climate models and scenarios in subsequent work.

2 Introduction

Energy system analyses commonly use historical weather datasets as input to energy generation
and demand models (Brinkman et al. 2021; Carvallo et al. 2023; Stenclik et al. 2021; Sharp et al.
2023). Recently, more work has started to incorporate the impacts of climate change on these
inputs (Bloomfield et al. 2016; Yalew et al. 2020; Craig et al. 2018). GCMs and their associated
publicly-available datasets from CMIP6 are a valuable resource for estimating the impacts of
climate change (Eyring et al., 2016). However, there are a myriad of unique GCMs developed by
climate research institutions around the world. Each GCM is unique in its physical and
parametric formulations, its skill in representing historical climate in different geographies, and
its sensitivity to anthropogenic greenhouse gas emissions (Flato et al., 2013). For example, a
given GCM may represent a variable in the historical climate with great precision but may be
greatly biased in several other variables (further discussed in Section 4). To further complicate
the topic, CMIP6 includes several possible climate change scenarios that attempt to characterize
deeply uncertain human factors related to the developmental progress of civilization and our
continued emissions. Scenarios have been developed that project decreases in emissions by mid-
century, and others that project emissions decreasing only near the end of the century (Riahi et
al., 2017). Experts and quantitative models alike have perspectives on which scenarios are more
likely (Hausfather & Peters 2020), but we cannot know with certainty which future we will
experience.

Prior work studying climate change in applied impact studies has handled these nuances through
the following process: 1) compare data from various GCMs with historical reference datasets to
identify those that best represent historical climate 2) select one or more GCMs with good
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historical skill and climate change scenarios that encompass a range of possible climate futures,
3) downscale the low-resolution GCM data for applied studies (when required by high-resolution
applications), and 4) perform the subsequent applied analysis using domain-specific models (Kao
et al., 2022; Ralston Fonseca et al., 2021). The comparison and selection of inputs from GCMs
and climate scenarios (steps #1 and #2) is a nuanced process that commonly includes the
quantitative comparison of GCM datasets using a few selected metrics over a focused region of
interest (Parding et al., 2020; Ashfaq et al., 2022; Chhin et al., 2018). However, the selection of
GCMs, climate scenarios, and comparative metrics are ultimately subjective decisions and
represent value judgements in a challenging analytical process with no objectively best
methodology. Further, the impacts of climate change are being studied in an increasingly wide
range of applications and this comparison and selection process is often very specific to a given
application.

This report focuses on supporting the GCM comparison and selection process specifically for
energy applications in the Contiguous United States (CONUS). Previous work has presented
similar GCM evaluations, but none have presented variables and metrics specifically intended
for comprehensive energy systems analysis including impacts on energy demand, thermal
cooling, hydropower, water availability, solar energy generation, and wind energy generation
(Parding et al., 2020; Ashfaq et al., 2022; Martinez & Iglesias, 2022). Those that have focused on
some aspect of energy impacts have typically focused on one variable or another such as climate
impacts to hydropower or wind energy (Martinez & Iglesias, 2022), but none have presented
metrics for variables that represent the full energy generation and demand system. This report is
intended to fill that gap and facilitate more informed selections of climate change inputs for
comprehensive energy analyses.

This report is structured as follows. Section 3 details the datasets used in this report and the
methods used for GCM evaluation; Section 4 presents and discusses the results of the GCM skill
evaluation and the comparison of their projections for the Contiguous United States (CONUS);
Section 5 concludes the report; The appendices present similar results to Section 4 but for
specific subregions within the larger CONUS domain.

3 Data and Methods

This report leverages publicly available climate change projections from GCMs in the CMIP6
archive and historical data from reference and reanalysis datasets. First, we explore the available
datasets associated with each GCM in the CMIP6 archive and determine which datasets are
viable for energy systems analysis.

For the purposes of this work, we look for GCM datasets that are of current state-of-the-art
spatiotemporal resolution (e.g., 100km daily), that contain all variables necessary to model
energy generation and demand (e.g., temperature, humidity, precipitation, wind speed, and solar
irradiance), and that have public records in the CMIP6 archive for several key simulations. Note
that different downscaling methodologies (e.g., dynamical downscaling with regional climate
models, RCMs) may require variables other than those presented here. However, we still focus
on this subset because they have direct impacts on the energy system.

2
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For this work, we selected the CMIP6 historical simulation that is intended to represent the
historical and current climate, and two Shared Socioeconomic Pathways (SSPs): SSP2 4.5, and
SSP5 8.5. Note that these SSPs have corresponding Relative Concentration Pathway (RCP)
scenarios from CMIP5. We selected the first variant from each GCM except for CESM2 and
CESM2-WACCM which had other variants with more complete data availability. For the
comparison of future projections, we select data from SSP2 4.5 and SSP5 8.5. We select these
two scenarios because of the extensive use of these scenarios in prior climate impacts analysis
(Craig et al., 2020; Kao et al., 2022; Ralston Fonseca et al., 2021; Martinez & Iglesias 2022).
SSP2 4.5 is typically described as a “middle-of-the-road” emissions scenario where trends
generally follow a dynamics-as-usual scenario, while SSP5 8.5 is an aggressive high-growth and
high fossil fuel future with the most overall emissions of any scenario (Riahi et al., 2017).

To inform energy system analyses in which decisions on energy infrastructure are being made
today and in the coming several decades, we focus on projections from the historical climate
through mid-century (e.g., through 2059). Despite the significantly different emission trajectories
in SSP2 4.5 and SSP5 8.5, the two scenarios vary only slightly by mid-century (as shown in
Section 4) with a more dramatic bifurcation occurring in the latter half of the century.

After surveying 33 GCMs with data in CMIP6, we select 13 GCMs that have publicly available
data that meet the above criteria. A summary of this process, the GCMs evaluated, and the
GCMs selected is presented in Table 1 below.

GCMs that did not meet the criteria for this work may have additional variables and scenarios
available from different data archives. These GCMs may be useful for climate impact studies,
but based on their datasets available in the CMIP6 archive they were not used in this work.

Table 1. Summary of GCMs surveyed and used in this report.

GCM Name Used | Notes and Reference

AWI-CM-1-1-MR No Historical simulation does not include irradiance,
precipitation, or humidity (Semmler et al., 2019).

ACCESS-CM2 No SSP data is low spatial resolution (Dix et al., 2019).

BCC-CSM2-MR No Does not include humidity (Xin et al., 2019).

CAMS-CSM1-0 No Does not include humidity (Rong et al., 2019).

CanESM5 No No data at desired spatiotemporal resolution (Swart et al.,
2019)

CESM2 Yes Used variant r4ilp1fl. Other variants (rlilp1fl, r2ilplfl,

and r3i1p1f1) do not include daily min/max temperatures
(Danabasoglu, 2019a).

CESM2-WACCM Yes Used variant r3i1p1fl. Other variants (rlilp1fl and r2ilp1fl)
do not include daily min/max temperatures (Danabasoglu,
2019b).

CMCC-CM2-SR5 No Does not include daily min/max temperatures (Lovato et al.,
2020).

CMCC-ESM2 No Does not include geopotential height (Lovato et al., 2021)

CNRM-ESM2-1 No Does not include any relevant variables at desired

spatiotemporal resolution (Voldoire, 2019).
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GCM Name Used | Notes and Reference

E3SM-1-0 No SSP data at desired spatiotemporal resolution does not
include irradiance, windspeeds, and humidity (Bader et al.,
2022a).

E3SM-1-1 No SSP data is at a monthly frequency (Bader et al., 2020).

E3SM-1-1-ECA No SSP data at desired spatiotemporal resolution does not
include irradiance, windspeeds, and humidity (Bader et al.,
2022b).

E3SM-2-0 No No data for SSP5 8.5 (E3SM Project, DOE, 2022)

E3SM-2-0-NAARRM | No No data for SSP5 8.5 (Tang et al., 2023)

EC-Earth3 Yes (EC-Earth Consortium, 2019a)

EC-Earth3-CC Yes (EC-Earth Consortium, 2021b)

EC-Earth3-Veg Yes (EC-Earth Consortium, 2019b)

EC-Earth3-Veg-LR No No data at desired spatiotemporal resolution (EC-Earth
Consortium, 2020)

FGOALS-f3-L No SSP data is at monthly frequency (Yu, 2019).

GFDL-CM4 Yes (Guo et al., 2018)

GFDL-ESM4 Yes (John et al., 2018)

HadGEM3-GC31-MM | No No data for SSP2 4.5 and incomplete timeseries with less
than 365 days per year (Jackson, 2020)

INM-CM4-8 Yes (Volodin et al., 2019a)

INM-CMS5-0 Yes (Volodin et al., 2019b)

IPSL-CM6A-LR No No data at desired spatiotemporal resolution (Boucher et al.,
2019).

KACE-1-0-G No SSP data is at low spatial resolution (Byun et al., 2019).

MIROC6 No No data at desired spatiotemporal resolution (Shiogama et al.,
2019).

MPI-ESM1-2-HR Yes (Schupfner et al., 2019)

MPI-ESM1-2-LR No SSP data is at low spatial resolution (Wieners et al., 2019).

MRI-ESM2-0 Yes (Yukimoto et al., 2019)

NorESM2-MM Yes (Bentsen et al., 2019)

TaiESM1 Yes (Lee et al., 2020)

For each variable, we select a historical reference dataset that can be used to evaluate the
historical skill of the GCMs. We choose datasets that are publicly available, have at least a 20-
year historical record, and have been used extensively in previous energy system studies. We
leverage the European Centre for Medium-Range Weather Forecasts Reanalysis v5 (ERAS),
Daymet, and the National Solar Radiation Database (NSRDB) (Copernicus Climate Change
Service, 2017; Thornton et al., 2021; Sengupta et al., 2018). The variables analyzed and their
corresponding historical reference datasets are detailed in Table 2 below.

The three historical reference datasets used in this work are all at finer spatial and temporal
resolutions than the GCM data being evaluated. We perform a geospatial mapping to aggregate
high-resolution historical pixels to their nearest low-resolution GCM pixel. This creates a sub-
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grid mapping (e.g., similar to a sudoku grid) without overlap or duplication of the high-
resolution pixels. A simple averaging or min/max operation is performed on the temporal axis to
aggregate sub-daily data to the GCM daily values.

Table 2. Summary of variables analyzed along with historical baseline datasets.

Variable Abbreviation | Historical Resolution Temporal Reference
Reference Extent
Dataset
Air M ERAS 31-km hourly 1980-2019 | Copernicus
Temperature Climate Change
(2-meter) Service, 2017
Relative RH2M ERAS 31-km hourly 1980-2019 | Copernicus
Humidity Climate Change
(2-meter) Service, 2017
Precipitation | PR Daymet 4-km daily 1980-2019 | Thornton et al.,
2021
Global GHI NSRDB 4-km 30-minute | 2000-2019 | Sengupta et al.,
Horizontal 2018
Irradiance
Windspeed | WS 100m ERAS 31-km hourly 1980-2019 | Copernicus
(100-meter) Climate Change
Service, 2017

For the historical skill evaluation, we use 40-year records for each historical reference dataset
from 1980 to 2019 inclusive, except for irradiance where we use 20 years from 2000 to 2019
from the NSRDB. We use the corresponding years of the historical GCM simulations which end
in 2014, and the additional five years from 2015 to 2019 of data from the SSP5 8.5 simulation.
These five years from the SSP simulation were used for the historical skill evaluation in order to
match the GCM year range to the historical reference years. This is a somewhat arbitrary
decision, and a similar analysis could be performed using data until the most recent year or using
non-overlapping years from only the historical GCM simulation. We expect that the evaluation is
insensitive to these choices due to the selection of a sufficiently long historical record (multiple
decades) and the expectation that the first five years of any SSP simulation from 2014 to 2019
will still be representative of the current climate.

For wind speed variables, we interpolate or extrapolate the zonal and meridional wind
components based on what is available from the source datasets. For the historical ERAS wind
data, the 100-meter winds are saved as output datasets and are used directly. For GCM data,
when only 2D surface wind variables are available, we use the power law with exponent 0.2 to
extrapolate to hub heights (US Department of Commerce 2020; Touma 1977). This approach
was used for four GCMs that did not have 3D vertical wind profiles available: EC-Earth3-CC,
EC-Earth3-Veg, GFDL-CM4, and GFDL-ESM4. When 3D vertical wind profiles are available,
we linearly interpolate to the nominal hub heights. Note that the vertical spacing of the wind
profile in GCM data from CMIP6 is very coarse, often on the order of 1 to 2 km (more vertical
levels may be available to download from different data archives). This is insufficient to properly
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resolve the near-surface boundary layer phenomena in which a wind turbine operates. Linear
interpolation will not create a realistic boundary layer vertical wind speed profile and the data is
too coarse to fit a realistic power law profile. Downstream applications of this data will benefit
from an initial bias correction of the interpolated GCM data before downscaling the data to
achieve a realistic representation of wind meteorology for energy applications.

It should be noted that several GCMs used here (CESM2, CESM2-WACCM, and MRI-ESM-
2.0) have missing wind speed values where the vertical pressure levels increase above low
surface pressures at high-elevation grid cells such as in the Rocky Mountains. For MRI-ESM-
2.0, we use the 2D surface wind data to gap-fill the missing wind values in the 3D data. 2D
surface winds are not available for CESM2 and CESM2-WACCM so we calculate hub-height
winds by linearly extrapolating from higher vertical levels. Table 3 shows that this adversely
affects the wind speed distributions, and caution should be taken if applying these models and
data to wind energy studies. Note that CMIP6 models may have more complete data records,
including near-surface winds, at their respective modeling centers' website, but we only used
data from the Earth System Grid Federation (ESGF), as this is the central repository for all
CMIP6 data. For example, the CESM2 models appear to have more complete data records with
near-surface winds available via the National Center for Atmospheric Research Climate Data
Gateway, but we only use the model data uploaded to ESGF for this work.

For the historical skill evaluation, we select several metrics that are intended to evaluate the skill
with which the various GCMs represent the historical climate including extremes. One metric we
select is the mean-centered Kolmogorov-Smirnov (KS) statistical test, which has been used
previously in GCM evaluations and which is a concise metric for evaluating the similarity of
higher-order statistical moments in probability distributions (Martinez & Iglesias 2022). Because
the mean-centered KS test explicitly removes bias from the evaluation, we also present a bias
metric for each variable. For most variables we use the 50" percentile (P50) bias, which is the
50" percentile of the GCM data minus the 50™ percentile of the historical values. For variables
that represent the extremes of the variables (e.g., maximum daily temperature), we present the 5
or 95 percentile bias (P5 and P95). Because of the tendency for GCMs to produce days with
very low precipitation instead of completely dry days (e.g., the “drizzle problem”, Polade et al.,
2014), the mean-centered KS test of precipitation tends to evaluate the performance of the GCM
in low-precipitation days. For this reason, we do not mean-center the precipitation distributions
before running the KS test, and we also fix the rate of dry days between historical and future
distributions. Common quantile mapping bias correction methods would perform the same
adjustment on the historical dry day frequency (Cannon et al., 2015).

Lastly, because pixel-by-pixel metrics like the KS statistic and mean bias do not capture large-
scale climate trends and sensitivity to climate processes like the El Nifio Southern Oscillation
(ENSO), we include a composite process metric based on Figure 5 of Lybarger et al., 2024. This
is an aggregation of several climate process metrics including seasonal amplitudes, trends of
change from 1901-2014, spatial correlations, and ENSO sensitivities (for the full list of process
metrics, see Table 2 in Lybarger et al., 2024). The process metric is based on a combination of
global and CONUS data, but not on any of the other subregions that we consider here.
Nevertheless, we include this metric in the skill assessment for each subregion because of the
importance of these large-scale climate processes in local climate impacts.
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When presenting the historical skill assessments such as in Table 3, we order the GCMs
according to their average skill. For each metric, we normalize the values from 0 to 1 with 0
being the best performing model. We then weight each metric such that each physical variable is
considered equal in relation to each other. That is, the six temperature metrics each get
multiplied by 1/6, the two metrics for relative humidity (we ignore min and max humidity in the
rankings), precipitation, GHI, and windspeed each get multiplied by 1/2, and the process metric
gets multiplied by 1. We then sum the normalized and weighted metrics for each GCM and then
sort the GCMs by these values.

This ranking helps illustrate those GCMs that represent historical meteorology with high overall
skill. However, this may not be the only result to consider when selecting GCMs, as historical
skill does not guarantee a specific behavior with respect to the model’s projections of change.
This is further discussed in Section 4.

In comparing the projections of GCMs, we use a centered moving average to represent the
overall trend of change and to reduce the effects of interannual variability on the projections. We
select a 20-year moving average such that the datum from a GCM in 2030 in Figure 1 is a mean
value of the data from 2020 to 2039. Note that we only use data from 1980 to 2059, so data
before 1990 and after 2050 is not presented in subsequent figures because a full 20-year average
cannot be calculated. The only exception to this is irradiance data where we select a 10-year
moving average so that the trends present in the 20-year NSRDB historical record can be seen.
Trends are centered at zero for the historical time period so that trends from various GCMs can
be compared against each other and against the historical baseline data. This is essentially a
simple “delta” bias correction method to enable comparison across GCMs. More advanced bias
correction methods (e.g., quantile delta mapping) may be used prior to downscaling and would
manipulate some of these results.

Because of the impactful nature of extreme events on both human health and the energy system,
we also present comparisons of how GCMs represent extreme temperature events, drought years,
and their variability over time. To do this, we use a minimum/maximum data reduction over a
10-year moving window similar to the centered moving average for trend calculations. For
example, the maximum temperature value from a GCM in 2030 in Figure 2 is the maximum
daily temperature event from 2025 through 2034 (i.e., the hottest single day peak temperature).
Similarly, the minimum annual rainfall value from a GCM in 2030 in Figure 6 is the year with
the smallest total annual rainfall from 2025 through 2034 (i.e., the worst drought year). Note that
we plot all data at 5-year intervals, so some neighboring pairs of points have the same value if
their extreme event falls in the overlapping period. All extreme values are centered on the mean
value of the historical time period so that events from various GCMs can be compared against
each other. Similarly to the bias correction of the trends, more advanced bias correction methods
(e.g., quantile delta mapping) may be used prior to downscaling and would manipulate some of
these results.

The spatial extent selected for this work is the CONUS with subregions presented in the
appendices. All variables are averaged over the full spatial extent with even spatial weighting
before the calculation of any metrics. For example, a P95 value of daily maximum temperature is
the 95™ percentile of the area-averaged maximum daily temperatures.
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4 Results and Discussion

A summary of GCM skill in representing the historical climate is illustrated in Table 3, with a
comparison of trends illustrated in Figure 1 through Figure 8 below. These results are CONUS-
wide averages. The appendices to this report present regional results.

From these results, we can clearly see that some models (e.g., EC-Earth3-CC and TaiESM1)
have better historical skill across more metrics than other models (e.g., INM-CM4-8). We can
also confirm previous results that show models from the same institute tend to perform similarly
(Ashfaq et al., 2022). For example, INM-CM4-8 and INM-CMS5-0 both tend to show strong
positive bias in maximum daily temperatures, strong negative bias in 100-m windspeed, and poor
representation of temperature, humidity, precipitation, and windspeed distributions. In contrast,
EC-Earth3, EC-Earth3-CC, and EC-Earth3-Veg all tend to have excellent representations of
daily maximum temperatures, humidity distributions, precipitation, and windspeeds. However, as
shown in these results, no climate model performs best on all metrics, and any given climate
model may perform well on one metric while having significant bias in other metrics or other
regions.

Perhaps equally important to the comparison of historical skill is the comparison of future
projections of climate change. It has been previously found that GCMs with similarly high
historical skill can have a range of future projections as large as a set of GCMs selected at
random. This suggests that there is little relationship between the quality of the model-simulated
historical meteorology and the quality of the model that determines the anthropogenic climate
change signal (Pierce et al., 2009). For example, GFDL-CM4 and GFDL-ESM4 both have
similar skill in representing windspeed distributions, with low KS statistics and similar negative
bias values. However, GFDL-ESM4 projects very little change in wind resource (1% decrease in
windspeed by midcentury in SSP5 8.5), while GFDL-CM4 projects the largest decrease in wind
resource for any GCM (5% decrease in windspeed by midcentury in SSP5 8.5).

Sensitivity to emissions also varies across models, with some models (e.g., MPI-ESM1-2-HR
and MRI-ESM2-0) showing less than a 0.4°C difference between mean temperature changes in
SSP2 4.5 and SSP5 8.5 and other models (e.g., CESM2 and TaiESM1) showing differences
greater than 1°C between the same climate change scenarios (differences between scenarios are
calculated from the changes between the reference period 1980-2020 to mid-century 2050-2059).
This confirms previous reports that even among the most historically accurate models the range
of emissions response can be quite large (Coquard et al., 2004).

With respect to the two climate change scenarios, SSP5 8.5 has the highest radiative forcing of
any climate scenario, but SSP2 4.5 and SSP5 8.5 show relatively similar projections through
typical energy system planning horizons (e.g., through midcentury). Figure 1 shows SSP5 8.5
representing only slightly worse warming than SSP2 4.5 and there is significant overlap in
projections between the variety of selected GCMs. For this reason, it has even been explicitly
recommended by state planning agencies that SSP5 8.5 should be used when considering impacts
by mid-century (California Governor’s Office of Planning and Research, 2017).

The decision of which climate scenario to use in an applied climate impacts study is a
contentious one. SSP5 8.5 and RCP 8.5 are widely studied in the literature (Miara et al., 2019;
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Craig et al., 2020; Kao et al., 2022; Szinai et al., 2023), but are also widely criticized
(Hausfather, 2019; Hausfather & Peters, 2020). Pielke & Ritchie, 2021 criticize SSP5 8.5 as too
extreme and argue that it is often misused as a "business as usual" scenario when it is an
implausible representation of the future that leads to skewed perceptions of climate risk. In a
contrasting view, Schwalm et al., 2020 argue that the 8.5 scenario matches historical emissions
from 2005-2020 within 1% and also that the 8.5 scenario is the most realistic until midcentury
under current and stated policies. Schwalm et al., 2020 also note that RCP 8.5 is valuable for
modeling physical climate risks (as opposed to emission trajectories) because of the lack of
carbon cycle feedbacks in climate models (e.g., permafrost thaw, changes in soil carbon
dynamics, increased forest fires, and pest spread).

Several studies have also analyzed the likelihood of respective climate scenarios using Integrated
Assessment Models (IAMs). Capellan-Pérez et al., 2016 used the IAM “GCAM-MAGICC” to
estimate that RCP 6.0 had the highest likelihood, and that there is relatively low, but significant,
probability of reaching RCP 8.5 or mitigating climate change via RCP 4.5. Huard et al., 2022
analyzed five different IAMs and showed that SSP2 4.5 was most likely in three out of the five
IAMs, and second most likely in the remaining two IAMs. Huard et al., 2022 also notes that
SSP5 8.5 remains reasonably likely in all five [AMs until around 2060 at which time the
likelihood decreases significantly.

We include both SSP2 4.5 and SSP5 8.5 here because of their extensive use in the literature but
recommend that applied studies make their scenario selection based on the best information
available to them.

It has been reported previously that natural variability and differences between GCMs tend to
dominate climate uncertainty through midcentury while the uncertainty from emissions scenario
grows after midcentury and dominates towards the end of the century (Wootten et al., 2017,
Hawkins and Sutton 2009). Uncertainty from downscaling methods can also be important
although this tends to vary by region, experiment, and metric, and can be sensitive to how the
downscaling method manipulates extreme metrics (Wootten et al., 2017; Kao et al., 2022;
Rastogi et al., 2022).

Regarding climate change impacts to renewable energy resources, there is much heterogeneity
across regions and GCMs. For hydro resources, we generally see an increase in mean
precipitation corresponding to the increase in temperature. This is seen across CONUS (Figure 5)
and in most of the North American Electric Reliability Corporation (NERC) sub regions
(Appendices A through F). The largest uncertainty in this trend is shown in the Texas Reliability
Entity (Texas RE, Figure 50) and the Western Electricity Coordinating Council (WECC, Figure
59) which have changes in mean precipitation ranging from approximately -10 to +20% for
Texas and -5 to +12% for WECC depending on the GCM and scenario. Previous work has
focused on understanding how these potential changes in precipitation lead to impacts on
hydropower. These studies have reported reduced summertime hydropower resource in
California and the Pacific Northwest and reduced annual hydropower resource across the South
with medium agreement among studies (Craig et al., 2018). For more detailed evaluations of
climate impacts to hydropower, the continued report series on the “Effects of Climate Change on
Federal Hydropower” by Kao et al., 2022 is an invaluable resource.
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For climate impacts to wind resources, there have been several reports on the potential for
decreased wind resources across CONUS (Martinez & Iglesias 2022; Martinez & Iglesias 2024;
Craig et al., 2018; Karnauskas et al, 2018), although there is disagreement in this trend between
GCMs (Figure 7) and in different reports (Pryor & Barthelmie 2011; Craig et al., 2018). In the
data from CMIP6, several GCMs do indeed project significant decreases in wind resource in
otherwise high-wind regions such as the Midwest Reliability Organization (MRO, Figure 16).

Solar resources have perhaps the least obvious climate change impact, with changes across
CONUS ranging from -2 to +2.5% without substantial agreement on the direction of change
(Figure 8). Although some studies suggest dramatic regional changes, most regions do not have
agreement in the direction of change between GCM-RCM pairs (Craig et al., 2018).

There are many other effects of climate change that we do not attempt to quantify here. For
example, although GCMs are intended to represent large-scale changes in climate, localized
population- or capacity-weighted metrics may be more meaningful for energy analysis. We also
do not disaggregate the data for seasonal impacts, which could affect energy systems more
dramatically than annual averages might suggest. Finally, we focus here on raw GCM output
variables, but non-linear transforms to variables like wet-bulb temperature, wind energy
generation, water availability for thermal cooling, or hydropower resources may be more
relevant for downstream applications. Nevertheless, we expect these results to provide a useful
starting point for selecting GCMs for applied climate impacts research.
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Table 3. Summary of historical GCM skill using KS statistic and bias metrics for CONUS. Values
for a given metric in each row are ranked from best to worst historical skill (dark blue to dark red).

aiESM1
EC-Earth3-CC
EC-Earth3-Veg
MPI-ESM1-2-HR
EC-Earth3
NorESM2-MM

CESM2-WACCM

MRI-ESM2-0
INM-CM5-0
INM-CM4-8

T2M KS
T2M Bias P50 (°C) Yy B
T2M Max KS 006 007 007 006 006 007
T2M Max Bias P95 (°C) | 10t
T2M Min KS

T2M Min Bias P5 (°C)
RH2M KS

RH2M Bias P50 (%)
RH2M Max KS

RH2M Max Bias P95 (%)
RH2M Min KS

RH2M Min Bias P5 (%)
PR KS

PR Bias P50 (%)

GHI KS

GHI Bias P50 (%)

WS 100m KS

WS 100m Bias P50 (%)
Process Skill

=)
=}
a
=}
o
v
o
=}
w
=)
(=}
o
=
=}
w
=)
=}
a
=)
=}
a
o
=}
wv

N
w
S
.
)
~
@

e
N
«
B

11

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



—e— CESM2 —»— EC-Earth3 GFDL-ESM4 MPI-ESM1-2-HR —o— TaiESM1
CESM2-WACCM EC-Earth3-Veg —=— INM-CM4-8 —+— MRI-ESM2-0 —4— ERAS5
—&— EC-Earth3-CC —— GFDL-CM4 INM-CM5-0 NorESM2-MM

SSP2 4.5 SSP5 8.5

Change in Temperature (* C)
Change in Temperature (°F)

1990 2000 2010 2020 2030 2040 1990 2000 2010 2020 2030 2040
Year (20-Year Moving Average) Year (20-Year Moving Average)

Figure 1. Comparison of GCM trends in changes to daily average near-surface air temperature for
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Figure 2. Comparison of GCM daily maximum air temperature events for CONUS.
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Figure 3. Comparison of GCM daily minimum air temperature events for CONUS.
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Figure 4. Comparison of GCM trends in changes to daily average near-surface relative
humidity for CONUS.
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Figure 5. Comparison of GCM trends in changes to daily average precipitation for CONUS.
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Figure 6. Comparison of GCM minimum annual rainfalls for CONUS.
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Figure 7. Comparison of GCM trends in changes to daily average 100-meter windspeed for
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Figure 8. Comparison of GCM trends in changes to daily average GHI for CONUS.
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5 Conclusion

In this report, we have presented data that can be used to evaluate the suitability of GCMs when
performing research on climate impacts to energy systems. We have identified GCMs that have
data records in CMIP6 suitable to support comprehensive energy system analysis, evaluated their
skill against historical records, and compared their projections of future change for two climate
change scenarios.

As stated previously, the goal of this report is not to recommend one or more GCMs and climate
scenarios that would be best suited for all energy system analyses. Such a recommendation
would be highly dependent on the focus and constraints of the desired application. However, as
shown by the large range of model skill and future projections across different GCM scenario
combinations, it is evident that using multiple input datasets with diverse characteristics will
result in more robust research. Previous work has suggested that selecting 5 climate models
could be sufficient (Pierce et al., 2009), and in practice most applied studies have used 5 to 20
different climate models (Miara et al., 2019; Craig et al., 2020; Kao et al., 2022; Szinai et al.,
2023; Ralston Fonseca et al., 2021). Many applied studies to date have used only the single SSP5
8.5 scenario (Miara et al., 2019; Craig et al., 2020; Kao et al., 2022; Szinai et al., 2023), but
some have considered multiple scenarios (Ralston Fonseca et al., 2021). As discussed in Section
4, the selection of climate scenarios is a contentious decision with valid arguments supporting
the use of SSP5 8.5 and also criticizing SSP5 8.5 as too extreme and implausible. Ultimately, the
selection of models and scenarios will depend on the unique requirements of downstream work
and more pragmatic considerations such as data storage limitations and compute costs of applied
energy system models.

Finally, in addition to the CONUS results presented in Section 4, we also present aggregated
results for several subregions in the included appendices. We have aggregated data to the six
NERC subregions and the three offshore wind regions within the CONUS exclusive economic
zone. Each appendix includes the same data as Section 4 but only for the region of interest. We
have also released all the figures as interactive graphs in the GitHub repository associated with
this report. For details, see the section on Code and Data Availability.
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List of Acronyms

CMIP6 Coupled Model Intercomparison Project 6
CONUS Contiguous United States

ENSO El Nifio Southern Oscillation

ERAS European Centre for Medium-Range Weather Forecasts Reanalysis v5
ESGF Earth System Grid Federation

GCM Global Climate Model

GHI Global Horizontal Irradiance

KS Kolmogorov-Smirnov

MRO Midwest Reliability Organization

NERC North American Electric Reliability Corporation
NPCC Northeast Power Coordinating Council
NREL National Renewable Energy Laboratory
NSRDB The National Solar Radiation Database

P5 5 Percentile

P50 50 Percentile

P95 95 Percentile

PR Precipitation

RCM Regional Climate Model

RF Reliability First

RH2M Relative Humidity (2-meters)

SERC Southeastern Electric Reliability Corporation
SSp Shared Socioeconomic Pathway

T2M Air Temperature (2-meters)

Texas RE Texas Reliability Entity

WECC Western Electricity Coordinating Council
WS Windspeed

Code and Data Availability

All of the code and data used to support this technical report are publicly available.

This report heavily leverages the Super Resolution for Renewable Resource Data (sup3r)
software (Benton et al., 2024) along with configuration files and data munging scripts that are
released in the Global Climate Model Evaluation (gcm_eval) repository (Buster et al., 2024).

The climate model data used in this report is publicly available via the CMIP6 archive (see the
section on “References for GCMs”). The historical reanalysis data is available via the references
listed in Table 2.

The data presented in figures in this report are also released as interactive graphs in the Global
Climate Model Evaluation (gcm_eval) repository (Buster et al., 2024). For example, go to
https://nrel.github.io/gem_eval/regions/conus.html to see interactive graphs on the CONUS
results presented in Section 4.
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Appendix A. NERC Region: Midwest Reliability
Organization (MRO)

Figure 9. NERC Region: MRO (included states shaded in grey).

Note that we used a simple state mask, and the region may not perfectly match the spatial boundary of the true
NERC region.
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Table 4. Summary of historical GCM skill using KS statistic and bias metrics for MRO. Values for a
given metric in each row are ranked from best to worst historical skill (dark blue to dark red).
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Figure 10. Comparison of GCM trends in changes to daily average near-surface air temperature for

MRO.
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Figure 11. Comparison of GCM daily maximum air temperature events for MRO.
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Figure 12. Comparison of GCM daily minimum air temperature events for MRO.
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Figure 13. Comparison of GCM trends in changes to daily average near-surface relative humidity
for MRO.
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Figure 14. Comparison of GCM trends in changes to daily average precipitation for MRO.
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Figure 15. Comparison of GCM minimum annual rainfalls for MRO.
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Figure 16. Comparison of GCM trends in changes to daily average 100-meter windspeed for MRO.
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Figure 17. Comparison of GCM trends in changes to daily average GHI for MRO.
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Appendix B. NERC Region: Northeast Power
Coordinating Council (NPCC)

Figure 18. NERC Region: NPCC (included states shaded in grey).

Note that we used a simple state mask, and the region may not perfectly match the spatial boundary of the true
NERC region.
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Table 5. Summary of historical GCM skill using KS statistic and bias metrics for NPCC. Values for
a given metric in each row are ranked from best to worst historical skill (dark blue to dark red).

o B
2l S| 12|22 |32)2 2
£ 2/ 2/2|2/5|z 3|.2/8|8 ¢
Sla|s|s 882 2/ 5/2/8/2|:z
S sl 28|28 |Ff|2/s|8[y|s|E|2|2
T2M KS 0.04 004 004 004 002 003
T2M Bias P50 (°C) ‘ « T 115 042 064 068 050 075 - 0.97 .
T2M Max KS 0.04 004 004 006 003 003 005
T2M Max Bias P95 (°C) ‘ 101 080 -146 164 144 082
T2M Min KS 004 004 005 006  0.04 004 005
T2M Min Bias P5 (°C) 204  -162 213 | 334 -1.93 242 268 2.47
RH2M KS 0.08 0.08 0.06 012 012
RH2M Bias P50 (%) 53 82 56 49 104 46 39
RH2M Max KS 0.17
RH2M Max Bias P95 (%) 3.64 266 273
RH2M Min KS 0.07
RH2M Min Bias P5 (%) 100 -111
PR KS 0.09 0.09  0.08 0.09 0.09 0.11 0.10
PR Bias P50 (%) 5.35 -2.87 479 43
GHI KS 0.05 005  0.05
GHI Bias P50 (%) 3.01 . 349 336
WS 100m KS
WS 100m Bias P50 (%) -197 214
Process Skill

34

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



—e— CESM2 —»— EC-Earth3 GFDL-ESM4 MPI-ESM1-2-HR  —&— TaiESM1

CESM2-WACCM EC-Earth3-Veg —=— INM-CM4-8 —+— MRI-ESM2-0 —4— ERAS
—&— EC-Earth3-CC —— GFDL-CM4 INM-CM5-0 NorESM2-MM
SSP2 4.5 SSP5 8.5

Change in Temperature (* C)
Change in Temperature (°F)

1990 2000 2010 2020 2030 2040 1990 2000 2010 2020 2030 2040
Year (20-Year Moving Average) Year (20-Year Moving Average)

Figure 19. Comparison of GCM trends in changes to daily average near-surface air temperature for

NPCC.
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Figure 20. Comparison of GCM daily maximum air temperature events for NPCC.
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Figure 21. Comparison of GCM daily minimum air temperature events for NPCC.
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Figure 22. Comparison of GCM trends in changes to daily average near-surface relative humidity
for NPCC.
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Figure 23. Comparison of GCM trends in changes to daily average precipitation for NPCC.
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Figure 24. Comparison of GCM minimum annual rainfalls for NPCC.
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Figure 25. Comparison of GCM trends in changes to daily average 100-meter windspeed for NPCC.
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Figure 26. Comparison of GCM trends in changes to daily average GHI for NPCC.
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Appendix C. NERC Region: Reliability First (RF)

Figure 27. NERC Region: RF (included states shaded in grey).

Note that we used a simple state mask, and the region may not perfectly match the spatial boundary of the true
NERC region.
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Table 6. Summary of historical GCM skill using KS statistic and bias metrics for RF. Values for a
given metric in each row are ranked from best to worst historical skill (dark blue to dark red).
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Figure 28. Comparison of GCM trends in changes to daily average near-surface air temperature for

RF.
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Figure 29. Comparison of GCM daily maximum air temperature events for RF.
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Figure 30. Comparison of GCM daily minimum air temperature events for RF.
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Figure 31. Comparison of GCM trends in changes to daily average near-surface relative humidity
for RF.
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Figure 32. Comparison of GCM trends in changes to daily average precipitation for RF.
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Figure 33. Comparison of GCM minimum annual rainfalls for RF.
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Figure 34. Comparison of GCM trends in changes to daily average 100-meter windspeed for RF.
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Figure 35. Comparison of GCM trends in changes to daily average GHI for RF.
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Appendix D. NERC Region: Southeastern Electric
Reliability Corporation (SERC)

Figure 36. NERC Region: SERC (included states shaded in grey).

Note that we used a simple state mask, and the region may not perfectly match the spatial boundary of the true
NERC region.
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Table 7. Summary of historical GCM skill using KS statistic and bias metrics for SERC. Values for
a given metric in each row are ranked from best to worst historical skill (dark blue to dark red).
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Figure 37. Comparison of GCM trends in changes to daily average near-surface air temperature for

SERC.
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Figure 38. Comparison of GCM daily maximum air temperature events for SERC.
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Figure 39. Comparison of GCM daily minimum air temperature events for SERC.
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Figure 40. Comparison of GCM trends in changes to daily average near-surface relative humidity
for SERC.
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Figure 41. Comparison of GCM trends in changes to daily average precipitation for SERC.
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Figure 42. Comparison of GCM minimum annual rainfalls for SERC.
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Figure 43. Comparison of GCM trends in changes to daily average 100-meter windspeed for SERC.
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Figure 44. Comparison of GCM trends in changes to daily average GHI for SERC.
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Appendix E. NERC Region: Texas Reliability Entity
(Texas RE)

Figure 45. NERC Region: Texas RE (included states shaded in grey).

Note that we used a simple state mask, and the region may not perfectly match the spatial boundary of the true
NERC region.

51

This report is available at no cost from the National Renewable Energy Laboratory at www.nrel.gov/publications.



Table 8. Summary of historical GCM skill using KS statistic and bias metrics for Texas RE. Values
for a given metric in each row are ranked from best to worst historical skill (dark blue to dark red).
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Figure 46. Comparison of GCM trends in changes to daily average near-surface air temperature for

Texas RE.
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Figure 47. Comparison of GCM daily maximum air temperature events for Texas RE.
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Figure 48. Comparison of GCM daily minimum air temperature events for Texas RE.
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Figure 49. Comparison of GCM trends in changes to daily average near-surface relative humidity
for Texas RE.
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Figure 50. Comparison of GCM trends in changes to daily average precipitation for Texas RE.
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Figure 51. Comparison of GCM minimum annual rainfalls for Texas RE.
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Figure 52. Comparison of GCM trends in changes to daily average 100-meter windspeed for Texas

RE.
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Figure 53. Comparison of GCM trends in changes to daily average GHI for Texas RE.
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Appendix F. NERC Region: Western Electricity
Coordinating Council (WECC)

Figure 54. NERC Region: WECC (included states shaded in grey).

Note that we used a simple state mask, and the region may not perfectly match the spatial boundary of the true
NERC region.
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Table 9. Summary of historical GCM skill using KS statistic and bias metrics for WECC. Values for
a given metric in each row are ranked from best to worst historical skill (dark blue to dark red).
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Figure 55. Comparison of GCM trends in changes to daily average near-surface air temperature for

WECC.
—e— CESM2 —»— EC-Earth3 GFDL-ESM4 MPI-ESM1-2-HR ~ —&— TaiESM1
CESM2-WACCM EC-Earth3-Veg —=— INM-CM4-8 —+«— MRI-ESM2-0 —4— ERAS
—&— EC-Earth3-CC —— GFDL-CM4 INM-CM5-0 NorESM2-MM
SSP2 4.5 SSP5 8.5
40 40 A - 104

r 102

- 100

- 98

- 96

- 94

r92

10-Year Maximum Temperature (° C)
10-Year Maximum Temperature (°F)

- 90

- 88

1985 1995 2005 2015 2025 2035 2045 1985 1995 2005 2015 2025 2035 2045
Year (10-Year Window) Year (10-Year Window)

Figure 56. Comparison of GCM daily maximum air temperature events for WECC.
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Figure 57. Comparison of GCM daily minimum air temperature events for WECC.
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Figure 58. Comparison of GCM trends in changes to daily average near-surface relative humidity
for WECC.
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Figure 59. Comparison of GCM trends in changes to daily average precipitation for WECC.
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Figure 60. Comparison of GCM minimum annual rainfalls for WECC.
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Figure 61. Comparison of GCM trends in changes to daily average 100-meter windspeed for

WECC.
—e— CESM2 —»— EC-Earth3 GFDL-ESM4 MPI-ESM1-2-HR ~ —#— TaiESM1
CESM2-WACCM EC-Earth3-Veg —#— INM-CM4-8 —+— MRI-ESM2-0 —4+— NSRDB
—— EC-Earth3-CC —— GFDL-CM4 INM-CM5-0 NorESM2-MM
SSP2 4.5 SSP5 8.5

Percent Change in GHI (%)

2005 2015 2025 2035 2045 2005 2015 2025 2035 2045
Year (10-Year Moving Average) Year (10-Year Moving Average)

Figure 62. Comparison of GCM trends in changes to daily average GHI for WECC.
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Appendix G. Offshore Wind Region: Atlantic

Figure 63. Offshore Wind Region: Atlantic (included area shaded in grey).
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Table 10. Summary of historical GCM skill using KS statistic and bias metrics for the Atlantic
Offshore Region. Values for a given metric in each row are ranked from best to worst historical
skill (dark blue to dark red).
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Figure 64. Comparison of GCM trends in changes to daily average 100-meter windspeed for the
Atlantic Offshore Region.
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Appendix H. Offshore Wind Region: Gulf

Figure 65. Offshore Wind Region: Gulf (included area shaded in grey).
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Table 11. Summary of historical GCM skill using KS statistic and bias metrics for the Gulf
Offshore Region. Values for a given metric in each row are ranked from best to worst historical
skill (dark blue to dark red).
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Figure 66. Comparison of GCM trends in changes to daily average 100-meter windspeed for the
Gulf Offshore Region.
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Appendix I. Offshore Wind Region: Pacific

N

Figure 67. Offshore Wind Region: Pacific (included area shaded in grey).
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Table 12. Summary of historical GCM skill using KS statistic and bias metrics for the Pacific
Offshore Region. Values for a given metric in each row are ranked from best to worst historical
skill (dark blue to dark red).
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Figure 68. Comparison of GCM trends in changes to daily average 100-meter windspeed for the
Pacific Offshore Region.
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