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Abstract. Earth system models (ESMs) provide essential
insight into large-scale climate variability and change but
often lack the spatial resolution required to represent fine-
scale processes critical for regional impacts and adaptation
planning. To help address this gap, we present an updated
high-resolution regional climate simulation for North Amer-
ica (NA) as part of the Coordinated Regional Downscal-
ing Experiment (CORDEX). We evaluate a new reanalysis
forced NA-CORDEX simulation at 12 km resolution against
observational datasets, an earlier NA-CORDEX CMIP5 sim-
ulation (25 km), and the convection-permitting CONUS-404
simulation (4km). Through these comparisons, we assess
how horizontal resolution and regional model configuration
influence historical differences from reanalysis and the rep-
resentation of extremes, with a particular focus on precip-
itation processes given that convection is parameterized at
12km. Relative to previous NA-CORDEX-CMIP5 simula-
tions, the new CMIP6-based evaluation run reduces mean
differences in temperature and precipitation compared to re-
analysis and other observationally based datasets, improves
the magnitude and timing of the diurnal precipitation cycle
across North America, and substantially improves the repre-
sentation of tropical cyclone structure and intensity. Notably,
extreme precipitation rates are well captured at 12 km when
compared to the convection-permitting simulations. While
long-term convection-permitting climate simulations remain
a key objective for regional modeling, the current genera-

tion of CORDEX simulations provides a practical balance
between computational efficiency and physical realism for
continental-scale climate assessment.

1 Introduction

Regional climate simulations provide critical information for
climate adaptation and decision-making by resolving atmo-
spheric processes at scales finer than global Earth System
Models (ESMs). The Coordinated Regional Downscaling
Experiment (CORDEX; Giorgi and Gutowski, 2015) has fa-
cilitated the production of dynamically downscaled climate
projections suitable for regional impact assessment. How-
ever, the fidelity of these projections depends critically on
both model resolution and the representation of key physical
processes.

A fundamental consideration in regional atmospheric
modeling is the spatial resolution at which different pro-
cesses can be explicitly resolved versus parameterized. For
convection, 4km resolution represents a critical threshold
where this process can be permitted (Langhans et al., 2012).
While convection-permitting simulations remain compu-
tationally prohibitive for ensembles of multi-decadal cli-
mate projections that adequately sample structural uncer-
tainty over large domains (Qian et al., 2016), current-
generation North American CORDEX (NA-CORDEX) sim-
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ulations have progressed from 25-50km in the CMIP5 era
(Bukovsky and Mearns, 2020; Mearns et al., 2017) to 12 km
horizontal resolution when driven by CMIP6 ESMs (Paquin
etal., 2025). Although this resolution refinement enables bet-
ter representation of topographic effects, land-surface hetero-
geneity, and mesoscale atmospheric features, it still requires
parameterization of convective processes.

Recent advances in the version of the Weather Research
and Forecasting (WRF) model used in this study (Skamarock
et al., 2019) include improvements to core physics schemes
since the production of NA-CORDEX-CMIP5. The Noah
Multi-Parameterization (Noah-MP) land surface model (Niu
et al., 2011) offers advantages over the previous Noah land
surface model (Tewari et al., 2004) through enhanced rep-
resentation of vegetation dynamics, snow processes, and soil
thermal and hydrological properties (He et al., 2023; Li et al.,
2022). Multiple parameterization options in Noah-MP allow
for more realistic simulation of land-atmosphere coupling
and surface energy partitioning, which are critical for repre-
senting extremes in temperature and precipitation (Ma et al.,
2017).

Similarly, the transition from the standard Rapid Radiative
Transfer Model (RRTM) radiation scheme (Mlawer et al.,
1997) to RRTMG (G stands for Global climate model) (Ia-
cono et al., 2008) provides improved computational effi-
ciency and more realistic treatment of aerosol and cloud ra-
diative effects (Bae et al., 2016). The microphysics scheme
has also evolved from the simpler WRF Single Moment 4
scheme (Hong et al., 2004) to the more sophisticated Thomp-
son scheme (Thompson et al., 2008, 2016), which includes
improved ice nucleation processes, graupel representation,
and more realistic hydrometeor size distributions — all of
which are essential for accurately simulating precipitation in-
tensity and type.

Given the computational costs associated with convection-
permitting simulations and the practical need for multi-
decadal climate projections, we hypothesize that 12 km res-
olution represents a balance between physical realism and
computational feasibility. However, evaluation is essential
to understand which phenomena are well captured at this
scale and where limitations persist. Here we present the
model configuration and evaluation run of our contribu-
tion to NA-CORDEX, with two primary objectives: (1) as-
sessing improvements from the corresponding previous-
generation simulation in mean climatological biases, diur-
nal precipitation processes, seasonal hydroclimate, snow, and
extreme events (precipitation extremes, tropical cyclones,
and mesoscale convective systems), and (2) identifying how
these improvements compare to a similar simulation at a
convection-permitting scale.

To address these objectives, we compare climatologi-
cal biases and meteorological phenomena between three
WRF-based dynamically downscaled datasets: the 4km
convection-permitting CONUS404 (C404) dataset (Ras-
mussen et al., 2023a), the new 12 km NA-CORDEX-CMIP6
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(NAC6) simulation presented here, and the NA-CORDEX-
CMIP5 (NACS) simulation at 25 km (Mearns et al., 2017).
The C404 and NAC6 simulations downscale the ERAS re-
analysis (Hersbach et al., 2020), while NAC5 downscales
ERA-Interim (Balsamo et al., 2015). Because all three simu-
lations share the same WRF dynamical core, domain-nesting
approach, and spectral nudging methodology, the remaining
differences are largely isolated to physics parameterizations,
resolution, and driving reanalysis, allowing us to assess the
quality of the new NAC6 simulation with reduced confound-
ing from structural differences between modeling systems.

2 Methods

2.1 Regional model configuration for
NA-CORDEX-CMIP6

We use the WRF model version 4.6.1 with a domain that
spans the North America CORDEX domain (Fig. 1): it is
708 gridpoints east-to-west and 674 north-to-south, and cen-
tered on 97° W and 45° N (8496 km by 8088 km). There are
38 stretched vertical levels with a model top of 50 hPa. The
ERAS reanalysis provides lateral boundary conditions, sur-
face variables for initialization (soil moisture, skin tempera-
ture), sea surface temperature, and sea ice fraction. A relax-
ation layer of 10 gridpoints in each direction smooths the
transition between the forcing data and the WRF simula-
tion and is subsequently removed in post-processing. Spec-
tral nudging of temperature, winds, and geopotential height
is applied above the boundary layer for scales > 1000 km
(von Storch et al., 2000; Miguez-Macho et al., 2004), simi-
lar to the WRF implementation of Bowden et al. (2012), to
constrain the large-scale circulation toward the driving re-
analysis while allowing mesoscale processes to develop more
freely within the domain.

Land use and land-cover data is ingested from the United
States Geological Survey (USGS; Fig. 1b). To efficiently rep-
resent more local meteorological processes related to urban
areas and lakes, a single-level urban canopy model and a one-
dimensional lake physics scheme are active. Within Noah-
MP, we retain the default compiled configuration: dynamic
vegetation is disabled with leaf area index prescribed from
look-up tables, stomatal resistance follows the Ball-Berry
scheme, runoff and groundwater are represented through free
drainage, and four vertical levels are output. Figure 1c shows
a more detailed view of a topographically complex region
encapsulating the states of Utah and Colorado, highlighting
areas with lakes and urban land-use categories.

We employ the physical parameterizations and configu-
ration options listed in Table 1. These schemes were cho-
sen through a blend of team and institutional experience
with WRF and through systematic testing. These sensitiv-
ity tests, and the resulting scheme selections described be-
low, were conducted by our team for this study. In an ef-
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Figure 1. Terrain height (a) and USGS land-use categories with vegetation types (b) for our WRF configuration. Panel (c¢) shows the USGS

land-use categories for a smaller domain over Utah and Colorado.

fort to reduce climatological bias, we ran a suite of 15-month
tests beginning in July of 1977. In these tests, one physics
scheme was varied for up to four 15-month runs while the
rest were held constant. For example, to choose a cumu-
lus and convection scheme, we tested the following choices:
the original Tiedtke (Tiedtke, 1989), an updated Tiedtke
scheme which improved boundary-layer clouds (Zhang et al.,
2011), the Kain-Fritsch cumulus potential scheme (Berg
et al., 2013), and the Multi-Scale Kain-Fritsch scheme which
employs a scale-dependent dynamic adjustment timescale
(Zheng et al., 2016). In addition to cumulus scheme, we
tested combinations of options for microphysics (WSM6,
Thompson, WDM6, and Morrison and Milbrandt P3-nc), ra-
diation (RRTMG and RRTMG-K), and planetary boundary
layer/surface layer physics (YSU/Revised MMS5, MYJ/ETA
similarity, and MYNN2/MYNN). The resulting test simula-
tion with the smaller differences from reanalysis based tem-
perature and precipitation was retained, and the next physics
scheme was evaluated in subsequent tests. Model perfor-
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mance was assessed via visual comparison of annual and
seasonal biases in 2 m temperature and precipitation against
ERAS reanalysis; quantitative error statistics were not com-
puted as part of this screening process. We acknowledge that
these sensitivity tests are imperfect as there were untested
combinations of physics parameterizations that may have re-
sulted in reduced biases, but this framework allowed for a
systematic screening of options at relatively small computa-
tional cost.

Because computational constraints made it infeasible to
run the entire simulation in serial, the NAC6 ERAS simula-
tion is run in 12.4 year time-slices and initialized on 11 Au-
gust of the starting year. The first two years and four months
are discarded as spin-up, mostly to allow the land surface to
equilibrate, and the next ten years are retained. In this case,
1 January of each new decade represents the beginning of
a new time slice after spin up. The total retained simula-
tion period spans from 1 January 1980 through 31 Decem-
ber 2023. Spectral nudging not only reduces general temper-
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ature and precipitation biases (von Storch et al., 2000; Bow-
den et al., 2012), but it also ensures continuity between these
time slices.

This continuity is seamless for atmospheric and quickly
varying fields, such as 500hPa geopotential height and
500 hPa specific humidity. Figure Sla and b in the Supple-
ment display snapshots of the middle-atmosphere on both
sides of the time-slice boundary (31 December 2009 at
18:00 UTC and 1 January 2010 at 00:00 UTC). There is
no clear synoptic scale artifact introduced by our methods.
We further check total column soil moisture and snow wa-
ter equivalent (SWE) as an area average over the Colorado
Rockies (109-105° W and 38-44° N). The evolution of SWE
over the time-slice discontinuity is also seamless, but total
column soil moisture exhibits an approximately 7kgm™2
step function change at the time-slice boundary. Over the
course of a few days, this is a fairly substantial decrease
which is critical to note for other users of this data, but
this 7kgm™2 discontinuity is quite small in the context of
monthly to seasonal variability in total column soil moisture.
To the eye, this artifact in the soil moisture field is practi-
cally invisible amid the normal variability in soil moisture
throughout the simulation (Fig. S2). While a continuous sim-
ulation would be more desirable, running the model this way
would take impractical amounts of wallclock time (without
queue times, it takes approximately 60h of computational
time to simulate a single year), especially when we down-
scale ESM data from 1950 through 2100.

2.2 CONUS404 and NA-CORDEX-CMIP5

The CONUS404 (C404) dataset comprises a 42-year (Oc-
tober 1979-September 2021) convection-permitting WRF
Model version 3.9.1 simulation at 4 km resolution over the
conterminous United States with 51 vertical levels extend-
ing to 50hPa (Rasmussen et al., 2023a). The physics con-
figuration was optimized for convection-permitting simula-
tions and includes custom land surface model modifications
for improved snow cover representation. Initialized and in-
tegrated using ERAS reanalysis boundary conditions, the
model incorporates time-varying greenhouse gases corre-
sponding to observations (Rasmussen et al., 2023a), aerosol
and radiation interactions through a prescribed climatolog-
ical aerosol dataset in the RRTMG scheme (Tegen et al.,
1997), and prescribed time-varying ocean/lake temperatures
from ERAS (Hersbach et al., 2020; European Centre for
Medium-Range Weather Forecasts, 2022). Spectral nudging
of temperature, winds, and geopotential height is applied
above the boundary layer for scales > 1800 km.

A disadvantage of using C404 for comparison is that it
does not simulate much of Canada, Alaska, and Mexico.
Much of our comparison and analysis is therefore focused
on CONUS, even though the purpose of NA-CORDEX is
to simulate the entire continent. However, C404 is the only
large-domain convection resolving historical simulation with
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WREF that has 30 years of overlap with both NACS5 and
NAC6.

The NACS5 WRF simulations were run with WRF 3.5.1
(Mearns et al., 2017). The model is configured at 25 km hori-
zontal resolution. Land surface processes are represented us-
ing USGS 24-category land use data (Fig. 1), with bound-
ary and initial conditions coming from ERA-Interim. Lateral
boundary conditions are ingested from ERA-Interim Reanal-
ysis with a linear relaxation over a relaxation zone of 10 grid-
points, with spectral nudging employed to maintain large-
scale circulation consistency with driving data fields. Addi-
tional simulation details may be found in Diez-Sierra et al.
(2022).

2.3 Evaluation Methods and Data

We evaluate the WRF simulations against a suite of observa-
tionally based reference datasets. For long-term climatolog-
ical temperature and precipitation biases, we primarily use
ERAS-Land (Muifioz-Sabater et al., 2021), a 9 km reanalysis
product with temporal coverage back to 1950. We supple-
ment this comparison with two independent gridded observa-
tional datasets, the Parameter-elevation Regressions on Inde-
pendent Slopes Model (PRISM) data (Daly et al., 2008) and
Daymet V3 (Thornton et al., 2016), which spatially interpo-
late direct surface station observations across CONUS rather
than relying on physical modeling; PRISM was also used in
the published C404 evaluation (Rasmussen et al., 2023a), en-
abling direct comparison with that work. For sub-daily and
diurnal precipitation processes, we use GPM IMERG V07B
(Huffman et al., 2023), which is preferred over ERA5-Land
because it captures observed diurnal timing and amplitude
rather than interpolated, model-generated precipitation (Tan
et al., 2019). Snow water equivalent is evaluated against the
gridded University of Arizona SWE dataset (Broxton et al.,
2019) and against point-based SNOTEL station observations,
the latter used to assess the seasonality of the snow accumu-
lation, peak, and melt phases. Finally, tropical cyclone loca-
tion and category are cross-referenced against the IBTrACS
best-track dataset (Gahtan et al., 2024).

An important caveat applies throughout our comparisons
involving NACS5: C404 and NACG6 are driven by ERAS, while
NACS is driven by ERA-Interim. These reanalyses differ
substantially in resolution (31 km versus 79 km), vertical lev-
els (137 versus 60), and data assimilation (a 4D-Var ensem-
ble versus a deterministic 4D-Var), and ERAS5 assimilates
roughly five times more observations (Hersbach et al., 2020).
Because all three WRF simulations use spectral nudging to-
ward their respective driving reanalysis, differences between
NAC6 and NACS reflect a combination of WRF model con-
figuration and the quality of the boundary and nudging fields
themselves. We are not able to fully separate these two con-
tributions in the present study, and note this where relevant
in the results that follow.

https://doi.org/10.5194/gmd-19-8995-2026
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Table 1. Configuration comparison of WRF simulations across different model versions and resolutions.

Category CONUS 404 NA-CORDEX-6 NA-CORDEX-5
(4km) (12km) (25km)

Cumulus - New Kain-Fritsch Old Kain-Fritsch
Microphysics Thompson & Eidhammer Thompson WSM-4

Physics Radiation RRTMG o RRTMG o RRTM/CAM
PBL Yonsei University Yonsei University MYJ
Surface MMS5 MM5 ETA Similarity
Land Surface Model = Noah-MP Noah-MP Noah
Vertical Levels 51 38 28
Boundary ERAS ERAS ERA-Interim
Land Use MODIS USGS USGS

Config Forcings GHG GHG, Merra-AOD GHG
Urban Model - Single-level Canopy —
Lake Model - 1-D Lake Model -
Nudging T/U/Z Yes Yes Yes
Nudging Q No No Yes

2.3.1 Climatological Differences from ERAS-Land

We compare climatological differences across the three his-
torical WRF experiments from 1980 through 2010, using
ERAS5-Land data at 9 km horizontal resolution as a reference.
Reanalysis data are remapped to each WRF simulation’s res-
olution using conservative regridding. Differences are calcu-
lated as simple differences between simulated and ERAS-
Land values for temperature and as percent differences from
climatological values for precipitation; precipitation differ-
ences are also computed as differences in climatological pre-
cipitation rate (mm d~1). Seasonal differences are assessed
for winter (DJF) and summer (JJA) only, for brevity.

It is important to note that ERA5 and ERAS5-Land are not
direct observations, and these reanalysis products carry their
own biases relative to station and satellite-based estimates
(Lavers et al., 2022; Tarek et al., 2020; Sheridan et al., 2020).
Direct comparison to point observations is also complicated
by the scale mismatch between gridded model output and
station data. We therefore use the term “difference” through-
out the manuscript when referring to comparisons against
ERAS5-Land, reserving “bias” for cases where it is substan-
tially more concise (e.g., “cold bias” rather than “negative
temperature difference relative to ERA5-Land”). Addition-
ally, to provide context about how the estimated bias can dif-
fer depending on the choice of reference dataset, we have
included climatological differences of the WRF simulations
from PRISM and Daymet.

2.3.2 Diurnal precipitation and temperature range
We estimate diurnal precipitation peaks following Scaff et al.
(2020), fitting a second-order harmonic function (Eq. 1) to

hourly precipitation from 1 June through 31 August for each
year from 1980 through 2010, comparing the three WRF sim-
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ulations against GPM IMERG V07B (Huffman et al., 2023).
2t %1
P, =P+ A1 xcos s + B X sin E7s
A 4t 4B . (A4nt )
X cos | — x sin | —
2 12 S D)

Here P, is precipitation at hour ¢, P is total daily precipita-
tion, A1 and Bj control the 24 h cycle, and A; and B, control
the 12 h cycle. Fourier transform estimates provide both the
phase (hour of peak precipitation) and magnitude.

We also evaluate the mean Spring (March through May)
diurnal temperature range, a period characterized by large
differences in daily minimum and maximum temperatures.

2.3.3 Seasonal hydroclimate

We define the North American Monsoon region as north-
ern Mexico (115-105°W and 25-32°N) and the southern
US (115-105° W and 32-40° N) monsoon extent, comparing
daily climatological precipitation against IMERG.

We assess snow biases across the three WRF simulations
against the University of Arizona SWE dataset (Broxton
et al., 2019), examining gridded differences in SWE for late
winter and early spring JFMAM) in the Western US. We ad-
ditionally compare SWE at SNOTEL station locations to the
closest gridpoint from each WRF simulation, aggregating re-
sults by hydrologic unit code-8 (HUC-8) watershed regions
to assess the seasonality of the snow cycle, including the ac-
cumulation, peak, and melt phases.

2.3.4 Extreme events

We compare the three simulations using the “perfect model
framework”, treating the results from C404 as the goal-post
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to assess the efficacy of NAC6 and NACS. Comparisons to
reanalysis data are also provided.

We evaluate precipitation extremes at three temporal
scales: hourly, 6-hourly, and daily accumulated precipitation.
To reduce data volumes and memory requirements, we com-
pute the maximum precipitation value at each gridpoint for
each calendar month and temporal scale, then flatten these
gridpoint-level monthly maxima across space into a single
distribution for each dataset. Histograms and extreme per-
centiles (90, 95, 99, 99.9, and 99.99th) of this flattened dis-
tribution are used to characterize the extreme tail of precipi-
tation over the CONUS domain (130-60° W, 30-50° N).

For tropical cyclones (TCs), we select Hurricane Ivan as
a case study, evaluating storm intensity and impact metrics
(minimum surface pressure, maximum precipitation rate, and
maximum wind speed) within a 150 km radius of the storm
center, defined as the gridpoint with lowest surface pressure.
We extend this into a climatology using the same metrics for
every TC that tracked into the Gulf of Mexico (20—40°N,
105-75° W) and was labeled a hurricane by the National Hur-
ricane Center. We use IBTrACS data for an initial guess at
storm location, with the actual storm center in each WRF
simulation identified as the minimum surface pressure within
50km of the IBTrACS position; TC category is also taken
from IBTrACS/National Hurricane Center classification.

For the mesoscale convective system case study, we ex-
amine the 22 July 2003 “Mid-South Derecho” using 750 hPa
horizontal moisture flux (|Q| = +/(qu)? + (gv)?) into the
Midwest, moisture flux convergence (MFC; Eq. 2), and
850 hPa temperature advection (Eq. 3).

700 hPa 9 9
MFEC — — / (qu)Jr (qv) dp @
ax ay
925hPa
aT oT
V-V =—|u—+4+v— 3)
ox dy

In these equations, g is specific humidity, # and v rep-
resent zonal and meridional winds, p is pressure, and T is
temperature. Grid coordinates are represented by x and y.

3 Results and Discussion
3.1 Climatological Differences from ERAS5-Land

Climatological temperature differences across all three sim-
ulations generally fall within +3 K, with notable reductions
at higher resolutions (Fig. 2). C404 and NAC6 exhibit very
similar spatial patterns of temperature deviations, though
the 12 km simulation shows slightly larger magnitudes. Ras-
mussen et al. (2023a) suggest that throughout much of the
western continent, which is characterized by high eleva-
tion and extreme topographic heterogeneity, there may be
a resolution-dependent temperature bias in valleys smaller
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than the grid scale. Inadequate resolution of topography,
land-surface features, and terrestrial water storage in sub-grid
valleys could produce systematic warm biases, particularly
for daily minimum temperatures (Barlage et al., 2021). How-
ever, this shared warm bias pattern between C404 and NAC6,
despite their differing horizontal resolutions, together with its
comparative reduction in NAC5 (which uses the older Noah
land surface model), points to processes in Noah-MP as a
likely contributor to this bias.

Climatological precipitation differences, shown in
Fig. 2d—f as percent differences from ERAS5-Land climato-
logical values, reveal distinct regional patterns. Both C404
and NAC6 show relatively dry conditions in lower elevation
regions of the western US (about —20 % of ERAS5-Land),
with more balanced differences across higher elevations.
The southeastern US exhibits a wet bias across all three sim-
ulations, though this feature is substantially larger in NACS
(25 %-35 %) and systematically reduced in both NAC6
and C404. Beyond CONUS, NAC6 displays a prominent
wet bias (> 30 %) throughout most of Mexico and western
Canada. Overall, the magnitude of precipitation differences
decreases with increasing resolution when compared to
NACS. Precipitation differences are also presented in Fig. S3
as differences in climatological precipitation rate (mmd~!).

Recent work has suggested the eastern cold bias in newer
versions of WREF is likely related to snow hydrological con-
ductivity parameterizations in Noah-MP (Zhang et al., 2025).
Consistent with these findings, the annual differences in
C404 and NAC6 appear to be primarily driven by larger sea-
sonal differences during winter (Fig. 3). Winter temperatures
across all three datasets show systematic patterns: generally
too warm across the western half of the continent and too
cold in the east, especially at higher latitudes. NACS exhibits
a much more extensive cold bias throughout central and east-
ern North America during winter, which is greatly reduced in
both NAC6 and C404, apparently at the expense of a warmer
western region.

NACG6 exhibits a well known summertime warm bias
throughout the plains (Liu et al., 2017), which provided mo-
tivation for major modifications to the shallow groundwa-
ter scheme in C404 (Barlage et al., 2021; Rasmussen et al.,
2023a). Coupled with this warm bias is a drier precipitation
signal in JJA, which is still apparent in C404 (Figs. 3b, d
and 4b, d) and other dynamically downscaled datasets using
WRF (Rahimi et al., 2022; Liu et al., 2017). Precipitation
comparisons are also presented in Fig. S4 as differences in
seasonal precipitation rates (mmd~!).

The warm western United States in NAC6 and C404 is
mostly accounted for by deficiencies in daily minimum tem-
peratures (Fig. S5). When compared to ERA5-Land, daily
maximum temperatures appear to be well simulated by C404
and NAC6, but daily minimum temperatures are consistently
higher by about 3-5 K throughout the western two-thirds of
the continent. This difference from ERAS5-Land is consistent
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Figure 2. Climatological differences of 2 m air temperature and precipitation for C404 (a, d), NAC6 (b, e), and NACS (c, f) using ERA5-Land

as a reference dataset from 1980 through 2010.

with other high-resolution and convection-permitting simu-
lations over the North America (Gensini et al., 2023).

To further evaluate our climatological temperature and
precipitation differences, we compare NAC6, NACS, and
C404 against the station-based PRISM and Daymet gridded
datasets (Figs. S6-S9). Temperature biases are very consis-
tent with those found using ERA5-Land as a reference, giv-
ing us added confidence in our assessment of model per-
formance (Figs. S6 and S7). Precipitation differences are
also quite consistent across datasets (Figs. S8 and S9), even
though ERAS precipitation is a model-generated product,
while PRISM and Daymet are built from station observations
that undergo statistical and physiographic adjustment (e.g.,
elevation-based regression) to produce a gridded field (Daly
et al., 2008).
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3.2 Diurnal Processes

Convective warm season precipitation has proven challeng-
ing to simulate in ESMs and coarser resolution models
(Gutowski et al., 2020; Bukovsky and Karoly, 2011), espe-
cially diurnal precipitation processes linked to peak daytime
heating (Kunkel et al., 2012; Geerts et al., 2017). We focus on
three well documented diurnal processes: (1) afternoon pre-
cipitation peaks in high-elevation regions of the Sierra Madre
and Rocky Mountains, (2) eastward propagation of convec-
tion into the Great Plains and Upper Midwest, producing
evening and nocturnal precipitation peaks (Trier et al., 2010;
Dirmeyer et al., 2012), and (3) afternoon peaks in the South-
east US driven by maximum daytime heating (Scaff et al.,
2020).

Figure 5a—d displays peak timing in local solar time (LST),
while Fig. Se-h shows peak magnitude. IMERG (Fig. 5a)
clearly depicts afternoon peaks over the southern Rockies

Geosci. Model Dev., 19, 8995-9017, 2026
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b) C404 JUA

a) C404 DJF

Figure 3. Winter (DJF) and Summer (JJA) climatological differences of 2 m air temperature for C404 (a, b), NAC6 (c, d), and NACS (e, f)

using ERAS-Land as a reference dataset.

and Southeast US, plus propagation into the Great Plains.
C404 captures both the precipitation spatial patterns and
propagation well, with a slight underestimation of after-
noon convective peaks in the southern Rockies (Figs. 5b and
S10b). NAC6 reasonably captures the diurnal cycle with bet-
ter peak timing in the Southern Rockies. However, there is
a clear deficiency in capturing the observed nocturnal pre-
cipitation peaks that are characteristic of central Canada, the
Great Lakes region, and the eastern section of the continent.
For much of the Great Lakes region where the difference in
the timing of diurnal precipitation is the greatest, NAC6 sim-

Geosci. Model Dev., 19, 8995-9017, 2026

ulates daily precipitation peaks that are almost 10 h later than
IMERG (Fig. 5¢). This is a substantial difference, but NAC6
improves upon NACS5 (Figs. 5d and S10d) which exhibits the
homogeneous afternoon peak typical of ESMs and coarser
regional climate models (Lee and Wang, 2021). Notably in
all of the WRF simulations, the diurnal timing is well cap-
tured in the Southeastern United States.

IMERG excels at capturing diurnal precipitation cycles
(Tan et al., 2019), though it underrepresents rainfall rates
on timescales of 1h or less (Hosseini-Moghari and Tang,
2022), potentially explaining smaller magnitudes in Fig. Se
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9003

b) C404 JJA

Figure 4. Same as Fig. 3 but for seasonal precipitation. Differences are plotted as a percent of the climatological values from ERAS5-Land.

compared to WRF simulations (Fig. 5f~h). All three WRF
simulations show higher afternoon rainfall rates in the south-
ern Rockies, likely related to the North American Monsoon
driving orographic precipitation (Boos and Pascale, 2021; Li
et al., 2008). Beyond the southern Rockies, the NACS simu-
lation in particular overestimates diurnal precipitation mag-
nitude (by about 0.2 mmh~"), particularly in the Southeast-
ern US, consistent with Scaff et al. (2020).

NAC6 also shows notably reduced propagation into the
Great Plains, Upper Midwest and Mid-Atlantic regions of
the United States. In Fig. S10c the dark blue shading rep-
resenting nocturnal peaks does not extend as far eastward
in NACG6 as it does in C404 and IMERG. Figure 6 shows

https://doi.org/10.5194/gmd-19-8995-2026

a longitude-time Hovmoller diagram (latitudinally averaged
from 38-42°N) of mean JJA hourly precipitation, revealing
afternoon peaks at 105° W beginning around 14:00 LST in all
datasets. However, eastward convective propagation compa-
rable to observations appears only in C404, though even this
convection-permitting simulation underestimates the magni-
tude. While NAC6 improves upon NACS, as evident by the
lack of a continuous longitudinal band of precipitation from
20:00 to 23:00 UTC, both CORDEX simulations underesti-
mate the longitudinal extent and magnitude of propagating
convection originating at the Rockies by about 0.2 mmh~!
at 05:00 UTC and 100° W.

Geosci. Model Dev., 19, 8995-9017, 2026
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Figure 5. Diurnal precipitation peak time (top row) and magnitude (bottom row) for IMERG (a, €), C404 (b, f), NAC6 (c, g) and NACS5 (d, h)
estimated using a second order harmonic fit of hourly precipitation for June, July and August. The domain for the longitude and time

Hovmoller diagrams in the next figure is shown in panel (d).

Regional and global modeling experiments have gener-
ally underestimated the diurnal temperature range over land
(Mearns et al.,, 1995; Wang and Clow, 2020), with vari-
ability across models likely depending on parameterizations
of clouds, aerosols, land surface characteristics, and land-
atmosphere interactions (Lindvall and Svensson, 2015; Ma-
hony et al., 2022; Holt et al., 2006; Jach et al., 2022). While
the numerous coupled sources of bias are difficult to disen-
tangle, this problem provides an opportunity to compare each
model’s efficacy in simulating the diurnal temperature range.

C404 and NAC6 both overestimate the daily tempera-
ture range compared to ERAS-Land in Western Canada (and
Alaska for NAC6), the Midwest, Great Lakes, and the east-
ern half of the continent (Fig. 7). NAC6 overestimates the
diurnal temperature range more than C404 and NACS, par-
ticularly across a wide swath of Canada that directly overlaps
the evergreen needleleaf forest, wooded tundra, and mixed
forest vegetation types (Fig. 1b). Box-and-whisker diagrams
of the difference from ERA5-Land (Fig. S11) show median
biases of 3.45, 4.05, and 4.41 K for the evergreen needleleaf,
wooded tundra, and mixed forest regions, respectively.

Maximum daily temperatures show relatively small dif-
ferences in these regions (generally less than 1 K; Fig. S5),
so the diurnal temperature range bias stems primarily from
minimum temperatures that are too cold. Because this pat-
tern is concentrated in vegetation types with relatively tall
canopies, this suggests a structural bias in Noah-MP surface
fluxes for these land cover types, possibly related to parame-
terized canopy-to-surface heat exchange. This may be a dis-
tinct mechanism from the broader eastern North American
cold bias discussed above, which Zhang et al. (2025) attribute
to snow thermal conductivity parameters; increasing this pa-
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rameter allows more heat exchange between the atmosphere
and snowpack, raising winter temperatures substantially (up
to 4 K) in the Northeast. Further analysis is needed to isolate
the relative contributions of these two mechanisms and how
they couple with the atmospheric model.

3.3 Seasonal Hydroclimate
3.3.1 The North American Monsoon

Analysis of precipitation biases and the diurnal cycle of pre-
cipitation has suggested that the North American Monsoon
in these WRF simulations is wet biased in the southwest US
(Figs. 4, 5), and Fig. 8 confirms this. In northern Mexico,
the seasonal evolution of the monsoon in all three historical
simulations matches IMERG quite well. Notably, the NAC6
simulation has the largest wet bias, though the magnitude of
the simulated difference is quite small day-to-day (approxi-
mately 0.5 mmd~!). When integrated over the July through
September months, NACS5 has the smallest difference from
IMERG (+9.8 % of IMERG’s climatological magnitude).

In contrast, for the northern extent of the monsoon re-
gion in the southern US (Fig. 8b), there is much more di-
vergence in the simulated monsoon precipitation across the
WREF simulations. All simulations produce more precipita-
tion than IMERG in the cold season (November through
April), and then begin to diverge in Spring (April through
June), at which point C404 most closely matches observa-
tions. The NACG6 run is the best at capturing the timing of the
monsoon precipitation peak in August (note how both C404
and NACS produce a secondary peak near 25 August), but it
produces about 28. 8 % more precipitation than IMERG from

https://doi.org/10.5194/gmd-19-8995-2026
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Figure 6. Longitude and time Hovmoller of hourly average precipitation for June, July, and August for 120-60° W and 38—42° N. IMERG
summer means (a) are compared with C404 (b), NAC6 (c), and NACS (d).

July through September. This is a marked improvement from
NACS (+42.5 % precipitation in July through September) for
the southern US monsoon region.

3.3.2 Snow in the western United States

As estimated by the University of Arizona SWE dataset,
climatological values are notably higher at high elevation
throughout the western United States, with the prominent
mountain ranges in the region experiencing normal SWE val-
ues well above 400kgm~2 for the January through April
mean (Fig. S12). We highlight this map to show that there are
wide swaths of the region that also experience trace amounts
of snow water equivalent below 50 kg m~2. The subsequent
analysis focuses on the gridcells that have climatological val-
ues higher than 50 kgm™2 so that the bias assessment is not
heavily skewed by these smaller SWE values.

The spatial maps (Fig. 9a, c, e) display very heteroge-
neous differences in January through April climatological
SWE, but they highlight the granularity of SWE values for
the higher resolution NAC6 and C404. A mean dry signal is
evident in all simulations and at all elevation bands (Fig. 9b,
d, f), and in general the magnitude of the difference from the
reference SWE decreases with increasing spatial resolution.
From the 4 km C404 to the 25 km NACS, the mean dry dif-
ferences substantially increase: 12 % (C404) to 35 % (NACS)
for 0-500m, 33 % (C404) to 65 % (NACS) for 500-1500 m,
29 % (C404) to 45 % (NACS) for 1500-2500m, and 25 %
(C404) to 50 % (NACS) for elevations greater than 2500 m.
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NACS6 has a higher mean bias in SWE than C404 at all ele-
vation bands, but the differences are small: 15 % at the low-
est elevation band, and only 1 %-3 % in the three elevation
bands above 500 m.

When comparing the gridded WRF data with station data,
we expect WRF SWE to be lower than the SNOTEL sites
because the gridpoint values represent an integration over a
large area. In all simulations, the seasonal peak in SWE is
earlier than the maximum seasonal peak from the SNOTEL
stations, indicating that the snowpack accumulation phase is
too short and snowmelt begins generally too early in the year.
When all stations are integrated together, the peak SWE tim-
ing is 29d too early in C404, 27d too early in NAC6, and
41d too early in NACS (Fig. S12). The seasonal cycle is
improved from NACS5 to NAC6 and C404, with a notable
elongation of the maximum SWE at all stations (Fig. 10b)
and in the HUC-8 watershed regions (Fig. 10c—e). This early
peak in SWE is consistent across the diverse watershed re-
gions in the western US. He et al. (2021) showed that early
season melt events accelerate snowmelt processes in WRF
and Noah-MP simulations of the western US, likely due to
poorly-represented snow albedo processes, excessive down-
ward surface shortwave radiation, and strong surface winds
that enhance surface heat exchange.

These improvements in the representation of the snow sea-
sonal cycle and climatology likely come from the improved
representation of snow-relevant orographic processes, in-
cluding terrain-induced circulation features and local ridge
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Figure 7. Average springtime (MAM) diurnal temperature range (maximum temperature minus minimum temperature) for ERAS5-Land (a).
Difference of the diurnal temperature range for C404 (b), NAC6 (c), and NACS5 (d) compared to ERAS5-Land.

shadowing that reduces snowmelt and sublimation (Ras-
mussen et al., 2011; McCrary et al., 2022; Ikeda et al., 2010).
The land-surface model also plays a large role in the rep-
resentation of snow and frozen water storage, which has
been substantially improved in Noah-MP (used in NAC6 and
CONUS404) by updates to radiative transfer and snow com-
paction (Abolafia-Rosenzweig et al., 2024; Lin et al., 2025).

3.4 [Evaluation of extremes

In the following analysis, we compare the three simulations
using the “perfect model framework™, treating the results
from C404 as the goal-post to compare the efficacy of NAC6
and NACS. As simulations use spectral nudging, the large-
scale circulation is quite similar between the datasets, and
many weather events that are resolved by ERAS are also re-
solved and simulated in these three simulations. This allows
us to compare case studies and climatologies of observed
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extreme events to see how they were simulated by WRF in
different dynamically downscaled configurations. As NACS
used boundary conditions from ERA-Interim, some of the
improvements or differences that are found in the NAC6 and
C404 simulations may come from the updates in the driving
reanalysis.

3.4.1 Extreme precipitation

Figure 11 compares precipitation extremes by displaying his-
tograms of the maximum 1-hourly, 6-hourly, and daily pre-
cipitation rates in each simulation over the CONUS domain
(130-60°W and 30-50°N). In any precipitation dataset or
simulation, the frequency and intensity of extreme precipita-
tion rates are dependent on the spatial resolution, with precip-
itation intensity decreasing as gridpoint area becomes larger
(Chen and Dai, 2018). While spatially integrating datasets or
simulations with different horizontal resolution may provide

https://doi.org/10.5194/gmd-19-8995-2026
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Figure 8. Daily climatological mean of precipitation for an area
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southern US monsoon region (115-105°W and 32-40°N). A 7d
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more equitable precipitation rates, it is critically important to
capture localized extreme rates too.

Rasmussen et al. (2023a) showed that the C404 dataset
simulates extreme precipitation rates that closely match
station-based observational estimates, rendering this simula-
tion a quality benchmark for our precipitation comparisons
(Schumacher and Hill, 2026). Figure 11 shows that the prob-
ability density of extreme precipitation rates in NACG6 is very
similar to C404 at all temporal frequencies (especially 1h),
even without resolved convection. Precipitation rates exceed-
ing 224 mm h~! are not found in the 12km NACS, but the
overall distribution of extreme rainfall events is a marked im-
provement over NACS which more noticeably deviates from
the extreme precipitation distribution at 1 h timescales.

Quantitative comparison of extreme precipitation per-
centiles (Fig. 11) confirms that this agreement between
NAC6 and C404 holds across the tail of the distribution,
not just in bulk. At 1 h resolution, NAC6 percentiles closely
bracket C404 from the 99th through the 99.99th percentile
(45.1 vs. 47.8 mm h™! and 111.6 vs. 109.5mmh~!, respec-
tively), differing by only a few percent even at the most
extreme thresholds. At the coarser 6h and daily accumula-
tions, NAC6 remains close to C404 through the 99th per-
centile but modestly exceeds it at the 99.9th and 99.99th per-
centiles (248.7 vs. 220.7 mm per 6 h at the 99.99th percentile,
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a 13 % difference), suggesting that parameterized convection
at 12 km may produce proportionally larger accumulated to-
tals over longer windows than explicitly resolved convec-
tion, even where the two simulations agree closely on sub-
daily rates. NACS, in contrast, underestimates extreme pre-
cipitation relative to C404 at every percentile and frequency,
and the underestimate grows with percentile, widening from
roughly 30 %-55 % at the 99th percentile to 35 %—61 % at
the 99.99th percentile depending on frequency. This indi-
cates that the improvement from NACS5 to NACS6 is not con-
fined to the bulk of the precipitation distribution but extends
into its extreme tail.

3.4.2 Tropical cyclones

The following analysis examines processes historically dif-
ficult to simulate at coarser model resolutions, including a
case study and climatology of (TC) characteristics and a case
study of a severe summertime convective storm. Hurricane
Ivan is chosen as the TC case study because it was a strong
TC within the temporal and spatial range of all datasets. Ivan
reached Category 5 status on 9 September 2004 and then
made landfall as a Category 3 hurricane in Orange Beach, Al-
abama on 16 September 2004, producing a record-breaking
tornado outbreak and up to 43 cm of rainfall with widespread
flooding (Steward, 2004). While these simulations cannot
represent the tornado outbreak, we evaluate storm intensity
and impact metrics: minimum surface pressure, maximum
precipitation rate, and maximum wind speed within a 150 km
radius of the storm center (the gridpoint with lowest surface
pressure).

Figure 12a—c shows the downward shortwave radiation at
the surface for the hurricane in each simulation. While outgo-
ing longwave radiation would provide a better visualization
of the TC structure, this variable is not output at the needed
frequency in NACS to enable a comparison between the three
datasets. C404 clearly resolves the inner eye and spiral rain-
bands, with a notably symmetric pre-landfall structure indi-
cating low wind shear, closely resembling observed Hurri-
cane Ivan at this time (15 September 2004, 18:00 UTC) (Na-
tional Weather Service, Mobile/Pensacola Weather Forecast
Office, 2024). NAC6 also resolves important storm charac-
teristics, including a well-defined eye, coarse spiral banding,
and symmetric structure (Fig. 12b). At 25 km, NACS still re-
solves a central eye but fails to depict realistic spiral banding
or storm symmetry (Fig. 12c¢).

NACG also reliably produces metrics describing storm in-
tensity and potential impacts (Fig. 12d—f). Both C404 and
NACG6 show very similar evolutions of minimum surface
pressure, maximum precipitation rate, and maximum wind
speed while the TC was in the Gulf of Mexico (14 through
17 September). TC metrics from NACS are comparatively
very weak.

We note that part of the improvement in simulated TC
structure and intensity from NACS5 to NAC6 (Figs. 11, 12)

Geosci. Model Dev., 19, 8995-9017, 2026



9008 J. Stuivenvolt-Allen et al.: The North American CORDEX-CMIP6 WREF evaluation run

a) C404 SWE difference (kg/m?)

0.015 4

©
o
=
o
|

Probability Density
o
=
o
(3]

b) C404 difference distribution by elevation (obs SWE = 50 kg/mz)

0-500 m
500-1500 m
1500-2500 m
>2500 m

-12%
-33%

29 7o

-25%

0.000

d) NAC6 difference distribution by elevation (obs SWE =50 kg/m?)

0.020 1

Probability Density
o o o
o o o
S 2 2
w o w

5 ! )

27 %
-34%
-32%

-25%

f) NACS difference distribution by elevation (obs SWE = 50 kg/m?)

0.0150 ~

0.0125 4

0.0100 4

0.0075 4

Probability Density

0.0050 4

0.0025 -

-35%
-65%

-50 %

0.0000
—-400

-300

T — T T
-100 0 100 200 300 400

ASWE (kg/m?)

-200

Figure 9. Gridpoint bias in SWE for late winter and early spring (JFMAM) using the University of Arizona SWE 4 km dataset as a reference
(left column). The right column shows the corresponding bias distribution for elevation bands for C404 (a, b), NAC6 (c, d) and NACS (e, f).

may be attributable to the driving reanalysis rather than
WREF resolution or physics alone. ERAS5 represents trop-
ical cyclones with greater intensity and structural realism
than ERA-Interim, owing to its finer resolution and more ad-
vanced assimilation of observations (Hersbach et al., 2020).
Since NAC6 is nudged toward ERAS and NACS5 toward
ERA-Interim, some of the TC improvement documented
here likely reflects this difference in boundary conditions.
Figure S13 highlights that the updates to ERAS result in a
much more realistic looking TC, as the ERA-Interim rep-
resentation of Hurricane Ivan completely lacks an eye and
has very weak TC intensity metrics throughout the life of the
storm (minimum surface pressure of 975hPa, a maximum
precipitation rate of 20 mmh~! and a maximum wind speed
of about 31 ms~1).

This distinction also matters for interpreting these results
in the context of the planned NA-CORDEX-CMIP6 ensem-
ble, which will be driven by CMIP6 ESMs with resolution
coarser than either reanalysis; TC statistics from that en-
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semble may therefore resemble NAC5 more closely than the
ERAS5-driven NAC6 evaluation run presented here.

We extend this analysis into a climatology by evaluating
the same metrics—minimum pressure, maximum precipita-
tion rate, and maximum 10 m wind speed — for every TC that
tracked into the Gulf of Mexico within 20-40° N and 105-
75° W, and was labeled a hurricane by the National Hurricane
Center. We use the IBTrACS TC data for an initial guess at
the storm location (the actual storm center in each WRF sim-
ulation is obtained by finding the minimum surface pressure
within 50 km of the IBTrACS storm location) and for the TC
category as defined by the US National Hurricane Center.

Violin and box plots of these metrics are shown for the
three simulations in Fig. 13. For all three intensity met-
rics, the C404 and NAC6 runs have similar distributions as-
sociated with TCs, with the strongest similarity shown for
minimum pressure (Fig. 13a) and maximum precipitation
(Fig. 13b). The wind speed distributions do clearly decrease
with the resolution (Fig. 13c), but NAC6 still performs well
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Figure 10. Spatial location and elevation of SNOTEL sites used as reference data for station-based SWE, overlaid with Hydrologic Unit
Code 8 (HUCB8) watersheds (a). Comparison of daily-mean SWE (with a 5d rolling mean applied) at the gridpoints in closest proximity
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peak climatological SWE in each WRF simulation differs from the SNOTEL peak day, with the magnitude of the difference in peak SWE

represented as a % difference compared to SNOTEL.

compared to C404. These results suggest that the NAC6
dataset is suitable for analyzing larger-scale statistics and im-
pacts of tropical cyclones. Research focused on TC dynam-
ics and storm structure (for example, eyewall updrafts and
mesovortices) requires a much higher resolution than even
4km (Liu et al., 2021).

3.4.3 Case study of a mesoscale convective system

Convectively generated mid-latitude storms pose substantial
threats to human life and cause significant economic dam-
age each year (Ashley and Mote, 2005; Wade et al., 2025),
especially in central North America. The most impactful are
often mesoscale convective systems (MCSs), in which local-
ized convection organizes into larger propagating complexes
of intense thunderstorm activity, sometimes producing pow-
erful windstorms or derechos.

https://doi.org/10.5194/gmd-19-8995-2026

On 22 July 2003, a powerful MCS known as the “Mid-
South Derecho” propagated from Arkansas through North-
ern Alabama with wind gusts exceeding 40ms~! (McNeil
et al.,, 2003). We compare the severe storm environment
across the three runs using 750 hPa horizontal moisture flux
(1Q] = v/ (qu)% + (qv)?) into the Midwest on 22 July 2003
(Fig. 14). Moisture flux at this level indicates increased at-
mospheric instability and potential for heavier precipitation
(Gimeno-Sotelo and Gimeno, 2023; Barlow et al., 2019).
The large-scale circulation (500 hPa) is similar across sim-
ulations, but notable differences emerge in the moisture flux
fields, which are not nudged in C404 and NAC6. We do not
expect parameterized convection to adequately simulate an
MCS, but highlight differences in the resolved storm envi-
ronment across simulations.
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Figure 11. Histogram of monthly maximum precipitation for all land grid-points over the CONUS domain (land gridpoints spanning 130-
60°W and 30-50°N) at 1-hourly (a), 6-hourly (b) and daily (c¢) temporal frequencies. Histograms of the 90, 95, 99, 99.9, and 99.99th

percentiles are also presented for these different frequencies (d—f).

Figure 14 shows substantially different mesoscale storm
structures in the three WRF runs. All datasets produce
an elongated longitudinal band of enhanced moisture flux
aligned with low-level winds, but smaller-scale convective
features are only present in C404, visible as localized ar-
eas (< 20km) of enhanced moisture flux, particularly in the
northeast quadrant of Fig. 14a. Both NAC6 and NACS re-
solve a more contiguous moisture flux band lacking these
smaller-scale convective features (Fig. 14b—c).

Figure 14d—e highlights the importance of convection-
permitting scales for representing distributions of moisture
flux convergence (MFC; Eq. 2; Fig. 14d) and temperature ad-
vection (Eq. 3; Fig. 14e), two metrics associated with intense
localized instability and extreme precipitation rates (spa-
tial plots in Fig. S14). All simulations exhibit distributions
centered near zero with similar overall structure, but both
CORDEX simulations have substantially narrower distribu-
tions than the convection-resolving dataset, with far fewer
high-magnitude convergence and advection events. C404
shows substantially larger variability than NAC6 and NACS5
in both moisture flux convergence and temperature advec-

Geosci. Model Dev., 19, 8995-9017, 2026

tion, with 95th percentile magnitudes 3.0-4.0 times higher
(1.72 x 1073 vs. 5.68 x 107 and 4.35 x 10~ kgkg~'s~!;
1.79 vs. 0.54 and 0.59 K h—!) than the CORDEX simulations.
NAC6 and NACS5 show comparable magnitudes to each other
in both metrics, with NAC6 only modestly exceeding NACS
(e.g., 95th percentile moisture convergence of 5.68x 10~ vs.
4.35%x 10 *kgkg~! s~ 1), underscoring that resolved convec-
tion, not resolution alone, drives the sharper gradients cap-
tured by C404.

Both reanalyses show even narrower distributions than
their driving simulations, consistent with their coarser native
resolution (~ 0.25° for ERAS, ~0.7° for ERA-Interim) rel-
ative to the 12 and 25km WRF grids (Fig. S15). Notably,
NAC6’s 95th percentile magnitudes closely track ERAS
(5.68 x 107* vs. 5.01 x 10~*kgkg ' s~! for moisture con-
vergence; 0.54 vs. 0.55Kh~! for temperature advection),
while NACS5 exceeds ERA-Interim by a larger margin, par-
ticularly for moisture convergence (4.35 x 10™* vs. 2.39 x
10~*kgkg~!s~!, roughly 1.8 times higher). This suggests
that part of the apparent gap between NAC6 and NACS re-
flects the difference in resolution and structure between their
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Figure 12. Shortwave radiation flux revealing cloud structure of the simulated TC on 15 September 2004 at 18:00 UTC in all three simu-
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within 150 km radius of the minimum surface pressure value.
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Figure 13. Violin and box plots of minimum central pressure for all TCs within the Gulf from 1980 through 2010 in each simulated dataset
(a). Panels (b) and (c) similarly display the maximum precipitation and maximum wind speed within 150 km radius of the storm center.
Brackets denote pairwise statistical significance (Welch’s t-test; ***p < 0.001, **p < 0.01, *p < 0.05, ns not significant); results were
consistent with a non-parametric Mann-Whitney U test (not shown).
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Figure 14. 750 hPa moisture flux during the “Mid-South Derecho”, which translated across the southern Great Plains on 22 July 2003
(18:00Z pictured here). Shading indicates the magnitude of moisture flux; vectors indicate the direction and magnitude. Histograms of
(d) 925-700 hPa column-integrated moisture convergence and (e) 850 hPa temperature advection at 00:00, 06:00, 12:00, and 18:00Z on
21 July 2003 for each simulation over the domain shown by the red rectangle in panels (a)—(c).

respective driving reanalyses, rather than the WRF grid spac-
ing alone. Disentangling these reanalysis-driven contribu-
tions would require another simulation with the same forcing
reanalysis at a different regional resolution, which is out of
the scope of the current case study.

4 Conclusions

Our evaluation demonstrates notable improvements in the
NACS6 configuration across nearly all metrics examined over
NACS. This 12 km ERAS5-driven simulation exhibits reduced
biases in temperature, precipitation, and snow, enhanced rep-
resentation of diurnal processes, and improved simulation of
extreme events compared to the previous-generation NAC5
simulation. Particularly encouraging is the performance of
extreme precipitation rates and snow, which compare favor-
ably with the convection-permitting C404 dataset. These re-
sults support NAC6 as a robust framework for investigating
long-term changes in extreme precipitation and regional cli-

Geosci. Model Dev., 19, 8995-9017, 2026

mate. Additionally, both our case-study analysis and clima-
tological metrics of tropical cyclones simulated by NAC6
show promising skill, indicating the configuration’s ability to
represent key weather systems at convection-parameterized
scales.

Relative to NAC6, the convection-permitting C404 sim-
ulation shows clear advantages in specific areas: reduced
warm biases in daily minimum temperatures across the west-
ern US, more realistic diurnal temperature ranges, and supe-
rior representation of diurnal precipitation phasing, includ-
ing the eastward propagation of convective events from the
Rocky Mountains into the Great Plains and Midwest. C404
also shows modestly reduced SWE biases at low elevations
(0-500 m). However, the precipitation comparison between
NAC6 and C404 is more nuanced: NACG6 exhibits a less se-
vere dry bias in parts of the western US, but neither dataset is
uniformly superior, as relative skill varies by region and sea-
son. For resolved-scale climate characteristics such as mean
temperature and precipitation biases, extreme precipitation
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rates, and tropical cyclone intensity, NAC6 demonstrates per-
formance broadly consistent with C404 while offering the
computational efficiency required for ensemble-based uncer-
tainty quantification.

Our case-study analysis of a severe convective storm envi-
ronment highlights the clearest resolution gap: the sharp tem-
perature and moisture gradients that produce localized ex-
tremes during convective storms were only realistically sim-
ulated in C404, rendering both NAC6 and NACS less suit-
able for studies focused specifically on convective storm dy-
namics. Other notable deficiencies in the NAC6 simulation
include the strong overestimation of the diurnal temperature
range in much of the Northern sector of the continent, and the
lack of a clear propagation of diurnal precipitation from the
Rockies to the eastern half of North America. Nevertheless,
there is substantial value in simulations at 12 km resolution,
particularly given computational constraints.

As noted above, the difference in driving reanalysis be-
tween NAC6 and NACS also matters for interpreting these
results in the context of the planned NA-CORDEX-CMIP6
ensemble, which will be driven by CMIP6 ESMs with reso-
lution coarser than either reanalysis; TC and extreme event
statistics from that ensemble will therefore differ from the
results here based on higher fidelity reanalysis data.

At the time of writing, fully convection-permitting long-
term climate ensembles that sample structural and emissions-
scenario uncertainty (Qian et al., 2016) remain computa-
tionally prohibitive, especially over a large domain such as
North America. Our results demonstrate that 12 km simula-
tions provide substantial and scientifically robust information
about weather and climate processes while enabling ensem-
ble breadth. In this context, the 12 km CORDEX simulations
will serve as a practical and defensible “workhorse” for dy-
namical downscaling efforts aimed at quantifying multiple
sources of climate uncertainty. Continued reduction of clima-
tological bias remains an important objective, but the demon-
strated performance of NAC6 supports its use for ensemble-
based downscaling and climate studies (Paquin et al., 2025;
Rahimi et al., 2022).

This evaluation run represents one component of the
planned NA-CORDEX-CMIP6 simulation suite. At the time
of writing, simulations downscaling five CMIP6 ESMs with
WREF are almost complete, and their outputs will be made
publicly available through the NSF National Center for At-
mospheric Research’s Global Geoscience Data Exchange
(NCAR GDEX). These ensemble simulations will enable
more comprehensive assessments of climate change impacts
across North America and provide crucial information for re-
gional adaptation and decision-making.

Code and data availability. The WRF model version 4.6.1 used
in this study is open source and released under a public do-
main license. The exact source code is archived on Zenodo at
https://doi.org/10.5281/zenodo.19010235 (Skamarock et al., 2019).
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The ERAS reanalysis model-level data used to force the NAC6
and C404 simulations are available from the NSF NCAR Geo-
science Data Exchange (GDEX) (https://doi.org/10.5065/XV5R-
5344, Hersbach et al.,, 2020). ERAS5-Land data used as a
reference for climatological biases are also available from
GDEX (https://doi.org/10.5065/SNVE-T250, European Centre for
Medium-Range Weather Forecasts, 2026; Balsamo et al., 2015).
GPM IMERG VO07B precipitation data used for diurnal cycle eval-
uation are available from GDEX (https://doi.org/10.5065/KRNV-
Y644, Huffman et al., 2024; Huffman et al., 2023). The Uni-
versity of Arizona 4km griddled SWE dataset is available
from the NASA National Snow and Ice Data Center DAAC
(https://doi.org/10.5067/0GGPB220EX6A, Broxton et al., 2019).
SNOTEL station data are maintained by the USDA Natural
Resources Conservation Service (https://www.nrcs.usda.gov/wps/
portal/wcc/home/snowData/, last access: 12 November 2024); the
aggregated datafile used in this study is archived on Zenodo
(https://doi.org/10.5281/zenodo.19010235, Stuivenvolt-Allen et al.,
2026). The IBTrACS tropical cyclone best track data are avail-
able from NOAA NCEI (https://doi.org/10.25921/82ty-9e16, Gah-
tan et al., 2024). The CONUS404 simulation output is avail-
able from GDEX (https://doi.org/10.5065/2YY0-Y036, Rasmussen
et al., 2023b, a). The NA-CORDEX-CMIP5 dataset is available
from GDEX (https://doi.org/10.5065/D6SJ1JCH, Mearns et al.,
2017). Data and Python scripts needed to reproduce the analy-
sis of the NAC6 simulation and derived analysis products sup-
porting all figures in this study are archived on Zenodo along
with our customized WRF namelist and model source code
(https://doi.org/10.5281/zenodo.19010235). The NAC6 simulation
output will be archived on NCAR GDEX (DOI forthcoming prior
to final publication). All datasets are available under open-access
licenses unless otherwise noted.

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/gmd-19-8995-2026-supplement.
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