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Executive Summary

As the Hawaii power sector evolves, the reliability and resilience of the state’s electrical grid
depend increasingly on a precise understanding of atmospheric dynamics. Accurate, long-term
meteorological data are essential not only for renewable generation assessment and forecasting
but also for load modeling, transmission line rating assessments, and long-term resource
adequacy planning. To support these critical power system functions, the National Laboratory of
the Rockies (NLR) has developed the Hawaii Meteorology, Energy, and Transmission (MET)
Toolkit, a high-fidelity, unified atmospheric dataset spanning 26 years (2000-2025).

To ensure this dataset meets the rigorous standards required for grid reliability studies, NLR
conducted a validation of the underlying numerical weather prediction model setup. Specifically,
the study evaluated the performance of two planetary boundary layer schemes within the
Weather Research and Forecasting model: the Mellor-Yamada-Nakanishi-Niino (MYNN)
scheme, which underpins the legacy 2023 National Offshore Wind (NOW-23) dataset for Hawaii
(2000-2019), and the Yonsei University (YSU) scheme, an alternative formulation often used in
operational forecasting.

Validation against a suite of in situ and remote sensing observations from December 2022 to
December 2023—including vertical profiles from a lidar buoy and surface measurements from
the National Data Buoy Center—evaluated the performance of both boundary layer schemes.
During this analysis, a geometric bug was identified in the legacy NOW-23 Hawaii dataset’s grid
projection setup, which introduced spatial scaling distortion across the Hawaiian domain. When
evaluating the models on a newly corrected, zero-distortion grid, the YSU scheme outperformed
the legacy MYNN setup across all key statistical metrics, demonstrating superior accuracy in
bias, centered root-mean-square error, and correlation.

Given the structural grid inaccuracies identified in the legacy NOW-23 Hawaii data and the
meteorological superiority of the YSU scheme, NLR has produced an updated 26-year (2000—
2025) dataset utilizing the corrected grid geometry and the optimized YSU setup. This resulting
dataset provides a truly unified, geometrically accurate, and homogenous 26-year meteorological
record to confidently support long-term infrastructure planning and grid operations in Hawaii.
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1 Introduction

Hawaii’s isolated island grids face reliability challenges distinct from those of the continental
United States. Lacking interconnection to mainland power systems, each island must
independently maintain a precise balance between generation and load. This balancing act is
increasingly dictated by meteorological conditions: atmospheric variability drives the output of
variable renewable energy resources, influences electrical demand, determines the thermal limits
of transmission infrastructure, and heightens the risk of weather-related outages. Consequently, a
comprehensive, high-resolution historical weather record is a foundational requirement for
robust power system planning in the region.

Since its release in 2014, stakeholders have relied on the Wind Integration National Dataset
(WIND) Toolkit (Draxl et al. 2015) for resource assessment across North America. However, the
WIND Toolkit did not include coverage for Hawaii. This critical gap was addressed by the 2023
National Offshore Wind (NOW-23) dataset (Bodini et al. 2024a), marking the first time the
Hawaiian domain was comprehensively included in a national wind resource dataset. Leveraging
advancements in the Weather Research and Forecasting (WRF) model (Skamarock et al. 2021),
NOW-23 provided a coherent, state-of-the-art meteorological record. While the temporal
coverage of NOW-23 varied by region, the Hawaii portion of the dataset delivered a
foundational 20-year record (2000-2019) that has since been widely used for regional power
system studies.

However, the application of the NOW-23 framework to Hawaii presents two challenges. First,
while NOW-23 underwent regional validation in many U.S. regions, its performance was never
explicitly validated against observations in Hawaii. Without specific validation, its accuracy in
capturing complex trade wind interactions and island topographies remains unknown. Second,
the legacy record ends in 2019.

Initially, the goal of the present work was to validate the legacy setup and extend its record to
support modern resource adequacy studies. During the validation phase of this study, however,
two major findings prompted a shift from a simple temporal extension to a complete dataset
reconstruction. First, geometric inaccuracies were identified in the legacy NOW-23 Hawaii
dataset’s grid projection, which introduced spatial scaling distortions across the Hawaiian
domain. Second, comprehensive validation against local observations revealed that an alternative
planetary boundary layer (PBL) scheme—the Yonsei University (YSU) scheme—outperformed
the legacy physics setup across key statistical metrics in the region.

Consequently, the primary objective of this study is to introduce and establish the scientific
validity of the Hawaii Meteorology, Energy, and Transmission (MET) Toolkit. This next-
generation dataset represents a new 26-year (2000-2025) dataset that corrects the historical grid
geometry and employs optimized atmospheric physics. In this report we (1) validate the
optimized model configuration by evaluating the underlying physics setups, comparing the
legacy configuration against the YSU scheme using observational data, and (2) introduce the
Hawaii MET Toolkit, the resulting unified, 26-year (2000—2025) high-fidelity meteorological
record that can provide stakeholders with a geometrically accurate, homogenous dataset suitable
for rigorous land-based and offshore energy analyses.
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2 Data and Methods

2.1 Observational Datasets

To validate the model configurations against “ground truth,” this study leverages three distinct
sets of observations (locations in Figure 1), representing different atmospheric layers:

Lidar buoy: A U.S. Department of Energy-owned buoy was equipped with a WindCube
profiling lidar and deployed by Pacific Northwest National Laboratory off the coast of
Oahu to provide high-resolution wind speed profiles from 60 m to 240 m above sea level
from December 2022 through December 2023 (Sheridan et al. in review). While these
measurement heights are traditionally associated with wind energy resource assessment,
they are equally critical for grid operations: They characterize atmospheric shear and
stability, which directly influence pollutant dispersion and the thermal cooling capacity
for high-voltage transmission lines. Consequently, this dataset serves as the primary
benchmark for validating the model vertical structure. The buoy is also equipped with
near-surface sensors for air temperature and sea surface temperature; the difference
between these two variables is used in this study as a proxy for atmospheric stability. The
quality-controlled observations are available as 10-minute averages and have been
corrected for the motion of the buoy (Wind Data Hub 2023). As noted by the instrument
mentors, the WindCube lidar’s internal inertial measurement unit (IMU) failed,
introducing significant noise into the standard motion-corrected data. To resolve this
issue, the dataset was reprocessed by replacing the faulty internal IMU data with attitude
measurements from a backup Microstrain GX5 IMU; these corrections were applied to
the uncorrected 1-Hz wind profiles before generating the final motion-compensated 10-
minute averages.

Mauna Loa Observatory meteorological tower: To validate model performance in
complex terrain over land, we used 38-m wind speed data from the Mauna Loa
Observatory, provided by the National Oceanic and Atmospheric Administration for year
2023 via private communication following internal quality control. Located on the north
flank of the Mauna Loa Volcano at an elevation of 3,397 m, the observatory is a premier
atmospheric research facility. Its elevation is above the strong marine temperature
inversion layer that typifies the region, allowing for the validation of model dynamics
above local vegetation. Data between January 1 and April 10, 2023, are missing due to a
lava eruption that covered the access road and cut power to the observatory.

Surface buoys: Four National Data Buoy Center (NDBC) meteorological stations (51001,
51002, 51004, and 51101) provided long-term measurements for the marine boundary
layer surface. These stations capture standard surface-level conditions (3—4 m above sea
level), including wind speed and the air/sea temperature difference, which is helpful for
validating atmospheric stability across the Hawaiian domain.
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Figure 1. Map showing the observational sites used in this study for model validation.
PNNL = Pacific Northwest National Laboratory

2.2 Projection Bug in the NOW-23 Hawaii Dataset

During the preliminary analysis of the legacy NOW-23 Hawaii dataset, a geometric inaccuracy
was identified in the WRF grid configuration. The original 2-km simulations utilized a Lambert
Conformal Conic (LCC) map projection but incorrectly set the true latitude parameters to 30.0°N
and 60.0°N. These values are meant to be the specific lines of latitude where the cone used for
the projection intersects the Earth’s surface, resulting in a scale factor of 1.0 (no distortion) along
these lines. Because the Hawaiian archipelago sits much farther south, it fell entirely outside the
projection’s true-scale cone. This geographic misalignment introduced severe spatial scaling
distortions across the domain. Rather than representing a uniform 2-km by 2-km area on the
Earth’s surface as intended, the physical dimensions of the legacy grid cells were artificially
compressed, shrinking progressively from north to south. For example, a nominal 2-km grid cell
over the Big Island spanned fewer than 1.89 physical kilometers, artificially deflating geographic
area calculations by over 11%. This spatial distortion resulted in substantial errors for any
downstream calculations involving fetch distances, turbine wake spacing, terrain alignment, and
total energy capacity footprints. To resolve this, the new Hawaii MET Toolkit utilizes a
localized, single-secant LCC projection (with both true latitudes set exactly to the domain center
0f 20.62°N). As illustrated in Figure 2, this geometric correction successfully eliminates the
domain-wide spatial warping, returning the map scale distortion factor (MAPFAC M) from a
highly distorted legacy state to a mathematically ideal, uniform ~1 across the entire island chain.
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Figure 2. Maps comparing the MAPFAC_M distortion factor from the legacy NOW-23 Hawaii
simulations (left) and the updated Hawaii MET Toolkit dataset (right)

2.3 Numerical Modeling Framework

The core numerical framework for this study uses the WRF model (version 4.2.1), configured to
align with the standards of the NOW-23 dataset (with the LCC projection bug fixed). The model
domain covers the Hawaiian archipelago with a 2-km horizontal grid spacing (nested within an
outer domain with 6-km horizontal resolution) and high-frequency 5-minute output, driven by
ERAS reanalysis (Hersbach et al. 2020) boundary conditions, the Noah land-surface model, and
Operational Sea Surface Temperature and Ice Analysis (Donlon et al. 2012) forcing data.

Rigorous validation of the model’s physics configuration, specifically the choice of PBL scheme,
is particularly critical given recent findings from the California Pacific Outer Continental Shelf.
As detailed by Bodini et al. (2024b), the initial release of the California offshore wind dataset,
which used the widely adopted Mellor-Yamada-Nakanishi-Niino (MYNN) PBL scheme
(Nakanishi and Niino 2009), was found to contain significant positive wind speed biases of up to
2 m s~ when validated against floating lidar observations. The study determined that the root
cause was the model’s handling of atmospheric stability; specifically, the MYNN scheme
struggled to resolve the extreme stable stratification characteristic of the California coast, leading
to underestimated vertical mixing and erroneous acceleration of hub-height winds. In that region,
switching to the YSU scheme (Hong et al. 2006) nearly eliminated the bias. Given that Hawaii’s
trade wind environment features unique stability profiles driven by the trade wind inversion, it is
essential to determine whether the legacy MYNN approach (used in the NOW-23 Hawaii data)
or the YSU approach yields higher fidelity for the Hawaiian domain.

To address this uncertainty, two primary physics configurations were evaluated, differing only in
their treatment of the PBL and the surface layer:

e MYNN PBL and surface layer scheme: a local closure scheme used in the legacy NOW-
23 Hawaii dataset. It relies on turbulence kinetic energy to determine mixing and has
been well validated in the NOW-23 dataset along the U.S. East Coast.
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e YSU PBL scheme and MMS5 SL scheme (Jiménez et al. 2012): a non-local closure
scheme that explicitly handles entrainment fluxes. Following the validation study by
Bodini et al. (2024a), this scheme was selected for the final NOW-23 datasets for
California and the Gulf of America.

Simulations focused on model validation were conducted for the period of December 2022
through December 2023 to ensure temporal overlap with the available observations. The
resulting wind resource distributions are visualized in the maps in Figures 3—5. Figure 3 displays
the mean 100-m modeled wind speed for 2023 using the MYNN-based configuration, while
Figure 4 presents the same metric derived from the YSU-based setup. Although WRF
simulations are natively executed on a standard rectangular grid, a masking procedure was
implemented on the resulting output (consistent with legacy NLR datasets) to reduce storage
requirements. This post-processing step clips the data to the extent of the Exclusive Economic
Zone—the maritime region approximately 212 nautical miles from shore where a nation
maintains jurisdictional rights over natural resources, including wind energy. To highlight the
impact of the physics parameterizations, Figure 5 illustrates the spatial difference between mean
modeled wind speeds by the two setups (YSU and MYNN). The YSU scheme produces
consistently higher wind speeds than the MYNN scheme across nearly the entire offshore
domain, but this difference is generally moderate (approximately 0.2—0.5 m s™) in the open
ocean. The difference intensifies significantly in regions dominated by strong orographic forcing.
Most notably, the acceleration zone southwest of the Big Island exhibits differences exceeding
1.5 m s7!, indicating that the YSU scheme predicts much stronger gap winds and tip jets in these
topographically complex channels compared to the MYNN configuration.

PNNL lidar
Mauna Loa Observatory
NDBC 51001
NDBC 51002
NDBC 51004 125
NDBC 51101

@00 0¥

11.0

MYNN Mean wind speed at 100m (m s™1)

Figure 3. Map of the mean 100-m modeled wind speed over year 2023, using the MYNN-based
WREF setup
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Figure 4. Map of the mean 100-m modeled wind speed over year 2023, using the YSU-based WRF
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3 Validation Results

Adhering to the validation best practices outlined by Optis et al. (2020), we evaluate model
performance by calculating bias, centered root-mean-square error (CRMSE), and the Pearson
correlation coefficient (R) between modeled and observed data. The validation is performed
using hourly averages derived from both observational and modeled datasets. To ensure data
quality, we filter the lidar dataset to include only time stamps with a reported data availability
greater than 80%; the resulting dataset maintains a mean data availability exceeding 98%.

Accurate representation of the vertical wind profile is crucial for understanding how weather
systems evolve and interact with island topography. Validation against the Pacific Northwest
National Laboratory lidar (Figure 6) demonstrates that both PBL schemes capture the vertical
wind structure with high accuracy. The YSU scheme exhibits a slight positive bias
(overprediction) of approximately +0.15 m s™!, whereas the MYNN scheme shows a consistent
negative bias (underprediction) of —0.25 m s™'. Notably, this bias remains largely constant with
height for both schemes. In terms of cRMSE and correlation, the YSU scheme holds a statistical
advantage (c(RMSE =~ 1.8 m s™', R > 0.85) over the MYNN setup.

Bias (ms™) cRMSE (ms™) Correlation (R)
A Model Model X Model r
2254 MYNN - MYNN e MYNN
== YSU —s=— YSU -y YSU
200+ - E
_ 1754 - -
E
E 1501 - E
(=2}
©
T
125 - _
1004 . -
75+ - -
x
T T T T T T T T T T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 0.0 0.5 1.0 15 20 25 0.0 0.2 0.4 0.6 0.8 1.0
Bias (m s™7) cRMSE (ms™) Correlation (R)

Figure 6. Vertical profiles of wind speed bias (left), centered root-mean-square error (cCRMSE)
(middle), and correlation coefficient (right) between the lidar buoy observations and the MYNN-
based and YSU-based model runs

To assess model performance over land, we compare simulations with observations from the
Mauna Loa Observatory anemometer at 38 m (Figure 7). Modeled wind speeds were linearly
interpolated to 38 m using data from the 20-m and 40-m vertical levels. While statistical
performance degrades relative to the offshore validation—an expected result given the complex
local topography—both setups demonstrated robust performance. Although cRMSE values
increase and correlation decreases compared to the lidar validation, the YSU scheme maintains a
performance edge over MYNN in all three metrics.
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Figure 7. Bias (left), cRMSE (middle), and correlation coefficient (right) between observed and
modeled 38-m wind speeds at the Mauna Loa Observatory

The surface layer represents the critical interface where the electrical grid interacts directly with
the environment. To validate the model performance in this layer, we extrapolate modeled wind
speeds to match each buoy’s specific anemometer height by fitting a logarithmic profile to the
modeled data at 10, 20, 40, 60, and 80 m for each time stamp. Validation across the four NDBC
buoys (Figure 8) highlights a distinct performance advantage for the YSU scheme near the
surface, primarily driven by substantial improvements in wind speed bias. While the MYNN
scheme exhibits a persistent positive bias across all sites—ranging from approximately 0.35

m s! to over 0.50 m s™! at Station 51002—the YSU scheme drastically reduces this
overprediction. The YSU configuration maintains biases well below 0.20 m s™" across all
locations, achieving near-zero bias at Station 51004. Both model configurations perform
comparably in capturing the variance and temporal variability of the near-surface winds. cRMSE
are closely matched between 1.00 and 1.50 m s~'—with YSU holding a marginal edge at all
stations—and correlation coefficients remain strong and highly consistent (R = 0.85) regardless
of the chosen planetary boundary layer scheme.

. -1 -1 .
100 Bias (ms™ ") 200 cRMSE (ms ™) 1.00 Correlation (R)

mm YsuU
0.754 I MYNN 1.754 0.954

0.50
0.25_‘ J _I ‘
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51001 51002 51004 51101
NDBC Station NDBC Station NDBC Station

Figure 8. Bias (left), cRMSE (middle), and correlation coefficient (right) between observed and
modeled near-surface wind speeds at the four NDBC buoys considered in the validation

Wind speed alone does not provide a complete picture of the boundary layer, as atmospheric
stability is a primary driver of vertical variability. We quantify stability using the difference
between air temperature and sea surface temperature as a proxy, where positive values indicate
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stable conditions and negative values indicate unstable conditions. Figure 9 summarizes the
regime classification results. As indicated by the observed regime frequencies (top right), the
Hawaiian environment is overwhelmingly dominated by unstable conditions (red bars). Although
the MYNN scheme shows a marginal advantage in successfully capturing rare, intermittent
stable events (bottom left), the YSU scheme maintains a slightly better overall classification
accuracy (top left) due to higher accuracy in the dominant unstable conditions (bottom right)
across all validation sites.

Observed Regime Frequency

1.0 Overall Accuracy (Sample Counts)
Observed Regime
0.5 8000 I Stable
= ® I Unstable
D 5
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© ks
§ ]
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w z
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Figure 9. Evaluation of the YSU-based and MYNN-based simulations in classifying atmospheric
stability regimes across five validation sites. The panels display overall classification accuracy
(top left), the observed frequency of stable (green) versus unstable (red) regimes (top right), recall
scores for stable conditions (bottom left), and recall scores for unstable conditions (bottom right).
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4 Model Setup Selection and the Hawaii MET Toolkit

The validation analysis confirms that the YSU scheme provides superior wind speed
performance, outperforming the legacy MYNN configuration across bias, cRMSE, and
correlation metrics. Although the MYNN scheme demonstrates a higher recall for rare stable
conditions, the Hawaiian boundary layer is overwhelmingly dominated by unstable regimes,
where YSU maintains a slight advantage over MYNN.

The demonstrated performance gains of the YSU scheme, together with the need to fix the
NOW-23 projection bug, provided a clear scientific mandate to modernize the legacy record.
Relying on the outdated dataset carries significant risks for downstream energy analysis;
specifically, spatial misalignments from the projection bug could lead to costly micro-siting
errors in Hawaii's complex terrain. Furthermore, propagating the legacy wind speed errors would
distort capacity factor projections, misinforming resource adequacy and transmission planning
for the state's isolated grid. To resolve these vulnerabilities, NLR has generated an updated 26-
year (2000-2025) dataset, which ensures high accuracy and long-term data homogeneity. Figure
10 illustrates the mean 100-m wind speed climatology derived from this unified record. The
diurnal and seasonal cycles of 100-m wind speed are shown in Figures 11 and 12, respectively.
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Figure 10. Map of the mean 100-m modeled wind speed from the full 2000-2025 Hawaii MET
Toolkit period
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Figure 11. Map showing the diurnal cycle in 100-m wind speed expressed in terms of the
difference of each (UTC) hour’s mean wind speed from the overall mean
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Figure 12. Map showing the annual cycle in 100-m wind speed expressed in terms of the
difference of each month’s mean wind speed from the overall mean

With this update, the dataset is formally designated as the Hawaii MET Toolkit. This rebranding
reflects its evolution beyond the original NOW-23 offshore scope to a comprehensive resource
that serves as NLR’s flagship meteorological dataset for both land-based and offshore power
system analytics in the region.

To align with FAIR (Findable, Accessible, Interoperable, and Reusable) data principles, the
Hawaii MET Toolkit is publicly disseminated via the Open Energy Data Initiative
(https://data.openei.org). The data are hosted on Amazon Web Services Simple Storage Service
in self-describing Hierarchical Data Format version 5 (HDF5), ensuring they include all
necessary metadata such as variable definitions, units, and spatiotemporal coordinates. While the
master operational copies are maintained on NLR’s Kestrel high-performance computing system,
the cloud-based distribution ensures broad community access through two primary channels:

e The Wind Resource Database (https://wrdb.nlr.gov): Designed for general access, this
web-based platform integrates the Hawaii MET Toolkit into NLR’s visualization suite.
The interface allows users to overlay data layers, filter by specific temporal ranges or
variables, and extract data subsets for user-defined regions in standard formats such as
CSV.

e Programmatic Cloud Access: For large-scale analysis, the data are served via the HDF
Group’s Highly Scalable Data System (HSDS). This API-driven architecture enables
users to efficiently slice and extract specific spatiotemporal subsets from the multi-
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terabyte archive without the need to download full source files. To facilitate adoption, we
provide a repository of Python notebooks demonstrating how to authenticate with the
HSDS service and execute complex queries. Documentation and code examples are
available at https://developer.nlr.gov/docs/wind/wind-toolkit/wtk-bchrrr-v1-0-0-
download/.

For technical assistance or specific data inquiries, a dedicated support team can be reached at
wrdb@nlr.gov.
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