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ABSTRACT

Extratropical cyclones (ETCs) significantly influence midlatitude weather and climate
through their roles in transporting heat, moisture, and momentum. Accurately simulating
ETCs in global climate models (GCMs) is essential for reliable weather forecasts and climate
predictions/projections. Previous studies have shown that increasing the horizontal resolution
of GCMs can enhance the representation of ETC characteristics. However, the impact of
atmospheric resolution finer than 100 km on ETC genesis and frequency, especially when
considering the effects of post-processing spectral truncation during cyclone tracking (e.g.,
T42 or T63), remains underexplored. This study addresses these gaps by examining the
sensitivity of Northern Hemisphere ETCs to atmospheric resolutions of 100 km, 50 km, and
25 km using the fully coupled GFDL SPEAR model. Cyclone tracking is performed at
spectral truncations of T42, T63, and T106 to assess the effects of spectral smoothing.
Results reveal that increasing atmospheric resolution has minimal impact on the frequency of
large-sized ETCs but leads to a substantial increase in the frequency of small-sized ETCs,
particularly over the North Pacific and the North Atlantic. The size-dependent sensitivity of
ETCs to atmospheric resolution is the most pronounced at T106, and further analyses suggest
that the genesis of these small-sized ETCs are highly impacted by diabatic heating.
Comparisons with various reanalysis datasets suggest that high-resolution models are likely
better at capturing small-sized ETCs rather than overestimating their frequency. These
findings highlight the critical importance of considering size-dependent sensitivities when
interpreting ETC biases in high-resolution model outputs compared to reanalysis data and

underscore the potential role of diabatic heating in genesis of small-sized ETCs.

SIGNIFICANCE STATEMENT

This study examines the impact of atmospheric resolution on simulations of extratropical
cyclones, which are critical to midlatitude weather and climate. The results reveal that higher
resolution minimally affects large-sized cyclone frequencies, but leads to an increase in the
number of small-sized cyclone detected, particularly over oceanic regions. Although this
increased detection can exaggerate existing frequency biases, it leads to an improved
representation of cyclones across regions such as central Europe and Asia. Further analysis

suggests that the genesis of these small-sized systems is strongly influenced by diabatic
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heating, underscoring its potential role in high-resolution simulations. These findings
highlight the importance of carefully considering cyclone size dependence, model resolution,

diabatic processes when interpreting cyclone bias in high-resolution models.

1. Introduction

Extratropical cyclones (ETCs) are important midlatitude weather systems that play a
crucial role in the general circulation. They act as a conduit for transferring heat, momentum,
and moisture between low and high latitudes (Chang et al., 2002; Kaspi & Schneider, 2013).
ETCs are responsible for a large portion of mid-latitude mean and extreme precipitation
(Hawcroft et al., 2012; Catto & Pfahl, 2013) and frequently cause extreme surface winds
(Earl et al., 2017; Hart et al., 2017), particularly during the winter season.

Global Climate Models (GCMs) have been widely employed to study the climatology and
characteristics of ETCs. Although modern GCMs from the fifth and sixth phases of the
Climate Model Intercomparison Project (CMIP5/CMIP6) have been able to capture the
general features of storm tracks, they still exhibit biases in the magnitude and spatial
distribution of regional storm tracks (Pinto et al., 2013; Christensen et al., 2013; Priestley et
al., 2020a). Specifically, CMIP5/CMIP6 models often displace wintertime ETCs too far
equatorward over the North Pacific and extend them excessively into Europe from the North
Atlantic (Chang et al., 2012; Chang, 2013; Harvey et al., 2020; Priestley et al., 2020).

Previous studies have suggested a possible link between model resolution and the
representation of ETCs (Zappa et al., 2013; Colle et al., 2013; Seiler & Zwiers, 2016;
Priestley et al., 2020a; Priestley & Catto, 2022). Although atmospheric resolutions from 100
km to 250 km are too coarse to resolve mesoscale ETC features effectively (Willison et al.,
2013), increasing model resolution from 250 km to 100 km has been shown to reduce ETC
frequency bias (Zappa et al., 2013; Colle et al., 2013; Seiler & Zwiers, 2016; Priestley et al.,
2020a). However, the impact of further increasing resolution from 100 km to 25 km is not
well understood. Recent efforts using HighResMIP models with 25-50 km resolution
(Haarsma et al., 2020) demonstrate that higher-resolution can enhance the representation of
the ETC structure. However, the increased resolution has a marginal impact on the spatial
distribution of ETCs (Priestley & Catto, 2022). This limited sensitivity may partly result from
spectrally truncating field at T42 or T63, which can obscure small-scale features during
cyclone tracking (Jung et al. 2006). In addition, the results from the HighResMIP models
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could be influenced by different model physics. Accordingly, despite these efforts,
identifying the sensitivity of ETCs, particularly regarding spectral truncation effects and size-
dependent cyclone characteristics, to increasing atmospheric model resolution remains a

challenge.

This study aims to address this gap by evaluating the impact of atmospheric resolution
change on the characteristics and geographical distribution of ETCs using the Seamless
system for Prediction and EArth system Research (SPEAR) model (Delworth et al., 2020),
which is a fully coupled model developed by the Geophysical Fluid Dynamics Laboratory
(GFDL). ETCs are tracked at various spectral truncations (T42, T63, and T106) to assess
their sensitivity to atmospheric resolution changes. Spectral wavenumber truncation, which
removes noise and planetary waves, is needed to apply the Lagrangian ETC tracking method
(Hoskins and Hodges, 2002). Since spectral truncation could influence the frequency of ETCs
tracked by automated algorithms (Blender and Schuber, 2000) and the representation of
small-scale developments of ETCs, such as secondary cyclogenesis (Rohrer et al., 2020), an
appropriate spectral truncation is important for accurately capturing ETC properties and their
sensitivity to atmosphere resolution change. The limited difference in ETC frequencies across
resolution in previous studies may be related to their low spectral truncation wavenumbers
(e.g., T42 and T63). Therefore, we aim to investigate 1) how ETC frequency sensitivity to
atmospheric resolution depends on the spectral truncation used for tracking, 2) whether this
sensitivity varies by ETC horizontal size, 3) what physical mechanisms govern the distinct
resolution sensitivities of large- and small-sized ETCs, and 4) how these differences inform

the interpretation of model bias relative to reanalysis uncertainty.

The subsequent sections are organized as follows: Section 2 describes the model, the ETC
tracking method, and the method for identifying ETC horizontal size; Section 3 describes the
sensitivity of ETC frequency to atmospheric resolution and spectral truncation, examines
cyclone characteristics (intensity, lifetime, and size), explores the physical mechanisms
underlying the resolution sensitivities of large- and small-sized ETCs, and evaluates the role
of reanalysis uncertainty in interpreting model biases; finally, Section 4 provides summary

and discussion.

2. Data and Methods
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a. ERA5 and SPEAR models

The six-hourly SLP data for the extended winter season (November—March) from 1991 to
2020 is obtained from ERAS5, the latest atmospheric reanalysis data by the European Centre
for Medium-Range Weather Forecasts (Hersbach et al., 2020). The six-hourly ERA5 is
considered as the reference data for comparing with SPEAR models in this study. For
comparison, both ERA5 and SPEAR model outputs were remapped onto a common 1°x1°

grid.

We also employ six-hourly SLP output from three different atmospheric configurations of
the SPEAR model: SPEAR-LO (100 km), SPEAR-MED (50 km), and SPEAR-HI (25 km).
The SPEAR model utilizes atmosphere and land components corresponding to AM4.0 and
LM4.0 (Zhao et al., 20184, b), respectively. All three versions utilize 1° horizontal resolution
ocean (with refinement to ¥° near the Equator) and sea ice components identical to MOMG6
and SI1S2 (Adcroft et al., 2019), respectively. This setup allows us to isolate the effects of
atmospheric horizontal resolution in a coupled model. Note that throughout this study, the
term ‘atmospheric resolution’ specifically refers to the horizontal resolution of the
atmospheric component, as distinct from the oceanic resolution. Vertical resolution is not
changed here. In this study, we analyze the historical simulations from 1991 to 2020 using
the three SPEAR models, each comprising ten ensemble members. Further details on the
models and simulations are available in Delworth et al. (2020) for SPEAR-LO and SPEAR-
MED, and Jong et al. (2023; 2024) and Murakami et al. (2024) for SPEAR-HI. The SPEAR
models have been extensively applied to investigate the variability and predictability of
tropical cyclones (Murakami et al., 2020; 2023; 2024; Wang et al., 2023; 2024), extreme
precipitation associated with tropical cyclones (Jong et al., 2023; 2024), as well as
extratropical synoptic-scale phenomena, such as midlatitude baroclinic waves (Zhang et al.,
2021), atmospheric rivers associated with developing ETCs (Tseng et al., 2021), and

extratropical storm tracks (Yang et al., 2022).

b. ETC detection and tracking

ETCs are identified with the TRACK algorithm (Hodges, 1994; 1995; 1999), following
the approach of Hoskins and Hodges (2002). To investigate the sensitivity to spectral
truncation level, the algorithm is applied to spectrally truncated SLP fields at three different
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wavenumber truncations: T42 (~310 km), T63 (~210 km), and T106 (~125 km). Zonal
wavenumbers less than five are removed to exclude the large-scale background field. The
TRACK algorithm employs the connected component labeling method to identify objects on
the SLP field, designate the local minimum of an object as the ETC center, and subsequently
track this center. For initial tracking, the algorithm uses the nearest neighbor approach to
locate the ETC at the next time step. Subsequently, the algorithm leverages the ETC
information at the previous and present time steps, accounting for the ETC’s propagation
speed and angle, to locate the ETC in the subsequent time step. After tracking is complete,
the algorithm smooths the ETC tracks through the minimization of a cost function consisting
of an angle and the speed of an ETC propagation. Following Hoskins and Hodges (2002), we
retain only systems that persist for at least 2 days, travel at least 1000 km, and originate north

of 25°N to reduce detection of subtropical disturbances.

c. ETC effective area detector

The detected effective areas of ETCs are crucial for estimating ETC-related precipitation
and surface winds (Hawcroft et al., 2012; Kang et al., 2019). Typically, an ETC’s effective
area is defined by a fixed effective radius determined empirically. However, due to the highly
varying and complex shape of ETCs, defining their effective areas using a fixed radius may
lead to misrepresentation of their actual extents. To address this issue, we choose an ETC
effective area detector that considers a closed SLP contour associated with an ETC as its

effective area (Wernli and Davies, 1997).

An example output from this detector, which is applied to a spectrally truncated SLP field
at T42, is shown in Figure 1. The detector first identifies the SLP contour where a given ETC
center is located and then searches for the outermost closed contour at a 0.2 hPa interval. If a
closed contour is detected, the area within it is defined as the effective area of the given ETC.
If multiple ETCs are detected within a single closed contour, the calculation is repeated until
each ETC is enclosed within its own closed contour. For instance, if two ETCs are within a
closed contour, the process continues until two separate closed contours are identified. If the
detector fails to find separate closed contours, the detected area information is assigned to the
strongest ETC. Consequently, each ETC is provided with an effective area for each time step

of its lifetime.
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The detected ETC’s area (A) is calculated as the sum of the areas of all grid cells (A, ;)
in the detected closed contour. The area of each grid cell depends on its specific latitude (¢;):

Yyl
Ax; = 2R c0S P; yqq "Zeo (D)

— A
Ay = 2nR o0 2

where R = 6,371 km is the Earth’s radius, ¢; 44 IS the latitude (in radians) of the i-th grid
point within the detected closed contour, 41 and A¢ are the grid spacings in longitude and

latitude. The area of an individual grid cell (4, ;) and ETC’s area (A) are then given by:
Aynit; = Ax; - Ay 3)
A= 2?=1Aunit,i (4)

Here, N represents the total number of grid cells enclosed within the detected closed
contour of the ETC. As suggested by Rudeva and Gulev (2007), the effective radius (R,) of

each ETC, assuming a circular shape, is calculated as:

R, =.,/A/m (5)

This approach simplifies and quantifies ETC size by attributing its complex geometry to
an equivalent circular area. The effective radius is used to classify the size of ETCs that are

sensitive to model atmospheric resolution.

S

Fig. 1. An example output from the ETC effective area detector for November 24, 1991,
at 18:00 UTC, using the ERAS dataset. The contours represent truncated T42 SLP associated

with ETCs, while the shaded regions indicate the detected ETC effective areas. Black dots
denote the centers of the detected ETCs.

Accepted for publication in Journal of Climate. DOI 10.1175/JCLI-D-24-0770.1.

Brought to you by NOAA-GFDL Library | Authenticated hir.murakami @ gmail.com | Downloaded 01/12/26 06:43 PM UTC



d. SOM analysis for small-sized ETC formation classification

We apply the Self-Organizing Map (SOM) algorithm (Kohonen, 2001) to objectively
classify and analyze distinct spatial patterns associated with small-sized ETC formation.
SOM is an unsupervised neural network technique widely used in atmospheric sciences that
reduces high-dimensional data into a low-dimensional array of nodes based on Euclidean
distance through iterative training (Kohonen, 2001, 2013). The SOM method accommodates
nonlinearities within datasets without assuming orthogonality between clusters (Reusch et al.,
2005) and does not require prior assumptions or knowledge of expected results, thus ensuring

an objective classification.

In this study, we specifically focused on very small-sized ETCs (effective radius < 600
km) identified in two regions highly sensitive to atmospheric resolution changes: the North
Pacific (153-210°E, 30-45°N) and the North Atlantic (320-360°E, 50-65°N). We first
extracted small-sized ETC events occurring within these domains. Instantaneous fields of
SLP, £20° in latitude and longitude around each cyclone center at cyclone genesis time, were
prepared and then used to train the SOM. Through multiple sensitivity tests varying node
arrangements systematically, we found a 4x2 (eight nodes) array to be optimal for clearly
distinguishing and extracting the complex spatial patterns associated with small-sized
cyclogenesis, while maintaining interpretability. Other parameters follow the suggestions of
Li et al. (2024).

3. Results

a. Sensitivity of ETC frequency to atmospheric resolution and truncation

To establish how ETC frequency responds to atmospheric resolution and spectral
truncation, we first assess ETC frequencies in the Northern Hemisphere (NH) using the
ERAGS data spectrally truncated at T42, T63, and T106 to examine the impact of various
spectral truncation numbers on the detection of ETCs (Figure 2). Following the approach of
Hoskins and Hodges (2002), ETC frequency is defined as the count of ETCs passing within
the 555-km radius of a grid point, with each ETC being counted only once at each grid point.
In Figure 2d, a two-sample, two-tailed t-test (p < 0.05) is performed at each grid point using
annual T42 and T106 ETC frequency over 29 winters to highlight where T42 and T106 differ
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significantly. ERAS5 exhibits consistent spatial distributions of the extended winter NH ETC
frequencies across T42, T63, and T106 (Figures 2a—c), with high oceanic ETC frequencies
over the North Pacific and the North Atlantic, and high continental ETC frequencies over
regions downstream of the Altai-Sayan Mountains, the Tibetan Plateau, and the Rocky
Mountains. However, there are clear quantitative differences in ETC frequencies across
different spectral truncations. The most pronounced differences of ETC frequencies between
T106 and T42 occur in the regions with high oceanic and continental ETC frequencies
(Figure 2d), particularly along the Kuroshio-Oyashio Extension, where the T106 ETC
frequency is approximately 60% higher than that at T42. Overall, the total number of detected
ETC centers per month increases with the truncation wavenumber, with T106 identifying
4206.6 ETCs, T63 identifying 3261.4 ETCs, and T42 identifying 2472.4 ETCs across the NH
(Table 1). This sensitivity of quantity and geographical distribution of ETC frequency to
spectral truncation wavenumber aligns with previous findings that higher spectral truncation
wavenumbers lead to more detected ETCs (Blender and Schuber, 2000; Jung et al., 2006).
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Fig. 2. Geographical distributions of ETC frequencies (shadings; in #/month) in the
Northern Hemisphere at (a) T42, (b) T63, and (c) T106 spectral resolutions, and (d) the

120°W 60°W

| | ©OON RN WAUION

difference of ETC frequencies between T106 and T42 in ERAS. Non-significant differences

(p > 0.05) determined via t-tests at each grid point are overlaid with hatching. Blue contours

in (d) represent the T42 ETC frequency pattern, while gray-shaded areas indicate regions of

high terrain exceeding 1,000 m in altitude. The unit is # per month.

Name T42 ETCs T63 ETCs T106 ETCs
ERA5 2472.4 3261.4 4206.6
SPEAR-LO 2383.9+16.6 3168.3+21.6 4068.3+20.7
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SPEAR-MED 2440.0+£15.4 3259.5+18.7 4302.6+27.0

SPEAR-HI 2450.8+15.3 3289.9+21.4 4442 3+22.7

Table 1. Number of detected ETCs per month in ERAS5 and the ensemble mean from
SPEAR models, including standard deviations, over 30 extended winter seasons (November—
March, 1991-2020).

The sensitivities of ETC frequency biases at T42, T63, and T106 to atmospheric
resolution changes in the SPEAR models are investigated (Figure 3). To assess inter-member
consistency, we quantify the percentage of ensemble members agreeing on the sign of the
model bias. This ensemble consensus metric is applied to Figures 3, 4, 7-10 to reflect the
robustness of the model bias. Despite quantitative differences across truncation levels, the
SPEAR models show robust spatial patterns in ETC frequency bias. For instance, the peaks in
ETC frequencies over the North Pacific and North Atlantic are underestimated at all
truncations. Conversely, ETC frequencies in the southern parts of downstream regions of
these high oceanic ETC frequencies are overestimated, especially at higher wavenumber

truncations (shadings in Figures 3).

., (2) T42 SPEAR-LO (RMSE=032) ; E=0

R KR
65°N(q) T4

,S_,EEAR-HI;IRMSE, (
A N P

§° N\
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180° 1

2
180
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Fig. 3. Differences in ETC frequency between (a, d, g) T42, (b, e, h) T63, and (c, f, i)
T106 for (top) SPEAR-LO, (middle) SPEAR-MED, and (bottom) SPEAR-HI compared to
ERADS. Shading indicates ETC frequency bias relative to ERAS. Blue contours show the ETC
frequency climatology in ERA5. Root-mean-square error (RMSE) listed. Gray shadings
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indicate topography over 1,000 meters in altitude. Hatched areas denote regions where fewer

than 10% of the ensemble members agree. The unit is # per month.

The sensitivity of ETC frequency biases in SPEAR to atmospheric resolution varies
across truncation wavenumbers. The T42 ETC frequency bias shows weak improvement,
with RMSE decreasing from 0.32 in SPEAR-LO to 0.29 in SPEAR-HI (Figures 3a, 3d, and
39). Specifically, while higher atmospheric resolution improves the representation of ETC
frequencies in the western and central North Pacific, Asian continent, and central Europe,
slightly increased biases are observed over North America and its offshore areas, the eastern
North Atlantic, and western Europe (Figures 3a, 3d, and 3g). These biases in ETC frequency
are mostly due to an underestimation of cyclogenesis, which is defined as the location of ETC
at the initial time step, near the upstream regions of the North Pacific and North Atlantic
storm tracks (Chang et al., 2002; Hoskins and Hodges, 2002), and an overestimation of
cyclogenesis in downstream regions (Figure 4). Despite these biases, the overall pattern of
T42 ETC frequency biases remains consistent across SPEAR-LO, SPEAR-MED, and
SPEAR-HI. The T63 ETC frequency bias shows a similar weak improvement, with RMSE
slightly decreasing from 0.37 to 0.34 (Figures 3b, 3e, and 3h). These weak sensitivities are
consistent with those in HiResMIP models (Priestley & Catto, 2022).

A

7

Fig. 4. Same as Figure 3 but for cyclogenesis.
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In contrast, the T106 ETC frequency biases show a more pronounced sensitivity to
atmospheric resolution than T42 and T63, with RMSE increasing from 0.45 in SPEAR-LO to
0.61 in SPEAR-HI. In regions such as central Europe and Asia, biases are reduced at higher
resolutions, similar to T42 and T63 (Figures 3c, 3f, and 3i). However, the biases display
strong sensitivity to atmospheric resolution over the ocean (e.g., the North Pacific and the
North Atlantic). The underestimation of ETC frequency in regions with high ETC frequency
climatology is reduced, while the overestimation of ETC frequency in downstream regions is
notably enhanced in SPEAR-MED and SPEAR-HI. This resolution sensitivity is also
reflected in cyclogenesis bias, with reduced bias in cyclogenesis regions near storm track
entrances and increased bias in downstream regions (Figure 4). This key result highlights that
while the sensitivity of ETC frequency to atmospheric resolution is modest at T42 and T63, it
becomes substantially more pronounced at T106. This suggests that higher truncation in T106
enables the detection of ETC properties that are more sensitive to atmospheric resolution,

possibly linked to cyclone size.

b. The dominant role of cyclone size in resolution sensitivity

To better understand the characteristics of increased oceanic ETCs at higher atmospheric
resolutions, we analyze how resolution affects key cyclone characteristics, especially size
(measured by effective radius), but also their maximum intensity and lifetime (Figure 5). In
this study, cyclone intensity is defined as the minimum central SLP anomaly along the track,
and cyclone lifetime is calculated as the number of 6-hourly time steps for which the cyclone
is continuously tracked. This analysis focuses on ETCs passing through the North Pacific
(30-60°N, 145-235°E) and the North Atlantic (30—70°N, 290-360°E) regions.
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Fig. 5. Distributions of (a—c) maximum intensity (in hPa), (d—f) lifetime (in days), and (g—
i) effective radius (in 102 km) for oceanic ETCs in ERAS5 (dotted black lines) and SPEAR
models (colored lines). Maximum intensity is defined as the absolute value of the lowest
central SLP anomaly (in hPa) so that higher values represent stronger ETCs. Note that these
values represent SLP anomalies, not absolute SLP values. The three columns correspond to
SPEAR-LO (first column), SPEAR-MED (second column), and SPEAR-HI (third column)
with T42 (blue), T63 (orange), and T106 (red). Bright shadings mean the ensemble spread of
each model. Vertical dashed lines denote the mean value of each distribution.

SPEAR-LO tends to overestimate the frequency of relatively weak ETCs while
underestimating the occurrence of strongly intensified ETCs (maximum intensity > 22 hPa)
across all three truncation numbers (T42, T63, and T106). This tendency is reflected in the

lower mean maximum intensity values in SPEAR-LO-23.35 hPa, 23.96 hPa, and 24.69 hPa
14
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for T42, T63, and T106, respectively—compared to the corresponding ERA5 mean values of
23.57 hPa, 24.52 hPa, and 25.69 hPa, respectively (compare black and colored lines in Figure
5a). The underestimation of strongly intensified ETCs is mitigated with increasing
atmospheric resolution. In SPEAR-MED and SPEAR-HI, higher mean values for maximum
intensity are observed, with SPEAR-MED showing 23.74/24.38/25.19 hPa and SPEAR-HI
yielding 23.83/24.58/25.26 hPa at T42/T63/T106 resolutions, respectively (Figures 5b and
5¢). These values are more aligned with ERAD5, indicating that increasing atmospheric
resolution reduces the underestimation of strongly intensified ETCs in SPEAR-LO.

This result aligns with previous findings that higher-resolution models tend to simulate
more intense ETCs (Willison et al., 2013; Jiaxiang et al., 2020; Priestley and Catto, 2022).
While this improvement in representing strongly intensified ETCs at higher resolutions is
noticeable, it is also accompanied by an increased frequency of weakly intensified ETCs.
Higher atmospheric resolution tends to result in increased detection of weaker ETCs, leading
to a higher overall number of ETCs, particularly in SPEAR-MED and SPEAR-HI. It is
consistent with expectations that higher-resolution models can resolve more detailed
structures, potentially leading to more frequent detection of weaker ETCs, possibly due to the
cyclone detection thresholds being exceeded more frequently (Rohrer et al., 2020).
Importantly, although both strongly and weakly intensified ETCs show a clear change to
increased atmospheric resolution, the increase in mean maximum intensity with atmospheric
resolution suggests that strongly intensified ETCs are more sensitive to changes in
atmospheric resolution than weakly intensified ETCs. This sensitivity is particularly

pronounced at higher wavenumber truncations.

Regarding ETC lifetime distribution, SPEAR-LO tends to underestimate the short-lived
ETCs (lifetime < 4 days) while overestimating the long-lived ones (lifetime > 4 days) across
all truncation wavenumbers (Figures 5e and 5f). Interestingly, a higher wavenumber
truncation leads to increased detection of short-lived ETCs, while it also decreases the
detection of long-lived ETCs. This result aligns with previous findings (e.g., Jung et al.,
2006; Rohrer et al., 2020). Rohrer et al. (2020) reported that increased short-lived ETCs in
reanalysis at higher wavenumber truncations might indicate more detection of ETC splitting,
such as secondary cyclogenesis, as ETC splitting into two systems is often misrepresented as
one at lower wavenumber truncations. This tendency is reflected in the longer mean lifetimes
observed in SPEAR-LO, with respective mean values of 5.33/4.60/4.25 days at
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T42/T63/T106, compared to ERA5’s mean values of 5.11/4.30/4.03 days. SPEAR-MED and
SPEAR-HI detect more short-lived ETCs, while showing similar long-lived ETCs compared
to SPEAR-LO, with mean lifetimes of 5.16/4.45/4.08 days in SPEAR-MED and
5.16/4.41/4.00 days in SPEAR-HI, aligning more closely with ERA5 (Figures 5g and 5h).
The results suggest that higher atmospheric resolution results in more frequent detection of
short-lived ETCs, alleviating the underestimations in SPEAR-LO. However, while higher
atmospheric resolution could improve the distribution of the mean lifetime in SPEAR
models, it also leads to overestimating the overall frequency of short-lived ETCs. This feature
is particularly evident in ETCs at the higher wavenumber truncation, which are more
sensitive to changes in atmospheric resolution compared to the lower wavenumber truncation.
This finding suggests that higher atmospheric resolution may improve the representation of
the mean lifetime distribution, indicating that the overestimation is not just limited to short-
lived ETCs but also to long-lived ETCs.

For the ETC effective radii across T42, T63, and T106, SPEAR-LO slightly
underestimates the occurrence of large-sized ETCs (effective radius > 1,200 km) while
largely overestimating small-sized ETCs (effective radius < 1,200 km), resulting in mean
effective radii of 1,216/1,043/911 km, respectively, compared to ERA5’s mean values of
1,225/1,066/930 km. This tendency to overestimate small-sized ETCs becomes more
pronounced at higher truncation wavenumbers, with the frequency of small-sized ETCs
increasing with higher atmospheric resolutions (Figures 5i—l). Conversely, while large-sized
ETCs tend to be somewhat underestimated, their sensitivity to changes in atmospheric
resolution is notably less pronounced. At T42, the SPEAR models exhibit very weak
sensitivity to changes in atmospheric resolution, with only slight reductions in the
underestimation of large-sized ETCs and a minor increase in small-sized ETCs in SPEAR-
MED and SPEAR-HI, yielding mean values of 1,240 km and 1,210 km, respectively. At T63,
the higher atmospheric resolutions in the SPEAR models lead to a further decrease in the
mean effective radius from 1,043 km to 1,024 km. This change is mainly due to an increase
in small-sized ETC occurrences, while the reduction in large-sized ETCs is relatively less
pronounced. It becomes even more pronounced at T106, where the mean effective radius
declines from 911 km to 842 km, with SPEAR-HI showing a substantial reduction compared
to ERAS’s mean value of 930 km. These findings suggest that as atmospheric resolution
increases, the SPEAR models disproportionately capture more small-sized ETCs, whereas the

occurrence of large-sized ETCs, while slightly underestimated, exhibits weak sensitivity to
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further increase in atmospheric resolution. This highlights a size-dependent sensitivity, with
small-sized ETCs being more sensitive to changes in atmospheric resolution than their larger

counterparts.

Our results show that although small-sized ETCs tend to be short-lived, they are not
necessarily weak. Correlation coefficients between size and maximum intensity for all
oceanic ETCs ranges from 0.53 to 0.57 and it becomes notably weaker for small-sized ETCs
(having less than 600 km effective radius; 0.21-0.25). This contrasts with the findings of
Rudeva and Gulev (2007), who reported a strong positive correlation between cyclone size
and intensity. Consistent with this, our joint PDFs (Figure S4) reveal that while larger ETCs
generally exhibit stronger maximum intensities and longer lifetimes, a subset of small-sized
systems also displays relatively high intensities despite their shorter duration. One possible
explanation is that many of the small-sized ETCs identified in higher-resolution SPEAR
models may originate from secondary cyclogenesis. In such cases, secondary cyclones can
occasionally develop stronger intensities than their primary counterparts (Ludwig et al.,
2015).

In contrast to the discrepancy in oceanic ETC characteristics across different atmospheric
resolutions, characteristics of continental ETCs-those passing through Eurasia (30-65°N, 0—
145°E) and North America (30-65°N, 235-290°E) domains—exhibit marginal difference
across SPEAR models (Figure 6). For these continental ETCs, distributions of all
characteristics generally converge, suggesting that the resolution-induced biases observed
over oceans are less pronounced over the land. The SPEAR models closely match ERA5
regarding the distributions of maximum intensity, lifetime, and effective radius for
continental ETCs, indicating that the models effectively capture the overall structure and
lifecycle of continental ETCs across resolutions. The relatively stable frequency bias pattern
observed over land (Figure 3) further supports this convergence in continental ETC
characteristics, as the distributions of these characteristics tend to remain consistent
regardless of resolution changes. Additionally, it is possible that partial offsetting of regional
biases. For example, cyclogenesis bias is not only enhanced over the offshore regions but also
reduced downstream of the Rocky Mountains, which may be associated with the impact of

resolved orography (Priestley et al., 2020).
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Fig. 6. Same as Figure 5 but for continental ETCs passing through Eurasia (30-65°N, 0—
145°E) and North America (30-65°N, 235-290°E) domains.

To further explore the impact of atmospheric resolution changes on oceanic T106 ETCs,
we examine their size-segregated frequency biases in the SPEAR simulations relative to
ERADS. In both ERA5 and the SPEAR models, the effective radius distributions for different
spectral truncations begin to diverge at approximately 1,200 km (Figures 5g—i); Thus, we
classify ETCs into large- and small-sized categories based on this threshold. Figures 7 and 8
present biases in frequency and genesis location, respectively, for large- and small-sized
ETCs tracked at T106.

In ERAS5, large-sized ETCs predominantly form along the western boundaries of the
North Pacific and the North Atlantic—regions characterized by strong sea surface temperature

(SST) gradients—and typically propagate in the northeast direction (contours in Figures 7a and
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8a). These regions align with the peaks of ETC frequency over the oceans, consistent with the
previous findings that large-sized ETCs generally propagate along major storm tracks
(Rudeva and Gulev, 2006). In the SPEAR models, the frequency of large-sized ETCs is
generally underestimated over the main storm track regions, with underestimated main
cyclogenesis along the western boundaries of oceans in their upstream regions (Figures 7 and
8). This large-sized ETC frequency bias is similar to bomb cyclone frequency bias (Priestley
et al., 2020), highlighting the relationship between size and intensity for large-sized ETCs
found in Rudeva and Gulev (2007). In downstream regions, this underestimation of large-
sized ETC frequency shows only a slight increase with higher atmospheric resolution, with
RMSE increasing slightly from 0.35 to 0.45.

In contrast, the small-sized ETCs display a notable overestimation bias across the SPEAR
models, particularly over central oceanic regions. Over the North Pacific, the small-sized
ETC frequency bias in SPEAR-LO is slightly underestimated to the north of the peak and
overestimated to the south of it, as well as near the west coast of North America (Figure 7b).
This bias arises from underestimated cyclogenesis in the main cyclogenesis regions and
overestimated cyclogenesis in downstream areas, particularly in the central and eastern North
Pacific (Figure 8b). Over the North Atlantic, SPEAR-LO overestimates small-sized ETC
frequency south of the peak of small-sized ETC frequency. This small-sized ETC frequency
bias is primarily due to large overestimations along the east coast of North America and south
of major cyclogenesis regions, which not only offset the underestimation at the peak of
cyclogenesis but also result in an overall overestimated ETC frequency. This indicates that, in
both the North Pacific and the North Atlantic, biases in both large- and small-sized ETC
frequencies contribute to the dipole patterns of total ETC frequency bias in SPEAR-LO
(Figure 3c).

As atmospheric resolution increases in SPEAR-MED and SPEAR-HI, a notable increase
in small-sized ETCs is observed over the central and eastern North Pacific and North Atlantic
regions, along with some improvements in land areas like central Europe and Asia. This
indicates that the discrepancy in ETC frequency bias at different atmospheric resolutions is
primarily influenced by the increased bias in small-sized ETC frequencies with highly
increasing RMSE from 0.47 to 0.88. The clear spatial difference and contrasting sensitivity
between large- and small-sized ETCs support the interpretation that the total increase in ETC

frequency with increasing atmospheric resolution is primarily driven by small-sized systems.
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Fig. 7. Differences (shadings) in the frequencies of T106 (left column) large- and (right
column) small-sized ETCs for (a, b) SPEAR-LO, (c, d) SPEAR-MED, and (e, f) SPEAR-HI
compared to ERADS. Black contours indicate the ETC frequency climatology in ERA5. Root-
mean-square error (RMSE) listed. Gray shadings represent topography over 1,000 meters in
altitude. Hatched areas denote regions where fewer than 10% of the ensemble members

agree. The unit is #/month.
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c. Contrasting physical mechanisms: baroclinicity vs. diabatic processes

To understand the different sensitivities of large- and small-sized ETCs to atmospheric
resolution, we examine the distinct physical mechanisms responsible for these differences.
Development of ETCs is frequently attributed to baroclinic instability (Hoskins et al. 1985).
The degree of instability is quantified by the maximum Eady growth rate (o) at 700 hPa,

calculated as:
c = 0.31f|0u/dz|N~? (6)

where f is the Coriolis parameter, u denotes the zonal wind, and N? (gdln6/0z; g is
acceleration due to gravity; 6 is potential temperature) represents the Brunt-Vaiséla
frequency squared. In SPEAR models, large-sized ETC frequency is underestimated along
the strong SST gradient regions over the North Pacific and North Atlantic (Figure 7) and this
underestimation is closely associated with the underestimation of baroclinicity (Figure 9),
which can lead to more stable atmospheric conditions, suppressing the development of small

amplitude atmospheric disturbances into ETCs. This bias in the Eady growth rate is slightly
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increased with increased atmospheric resolution, corresponding to the weak sensitivity in
large-sized ETC frequency bias. The sensitivity of biases in both the Eady growth rate and
large-sized ETC frequency to atmospheric resolution changes is related to underlying SST
biases. All SPEAR models share a pronounced dipolar SST bias, with warmer north and
colder south of the Kuroshio Current and the Gulf Stream, arising from the common coarse
(1°) oceanic resolution (Figure 10). These SST biases weaken the low-level meridional
temperature gradient, which in turn reduces wind shear and, thus, the Eady growth rate.
Notably, the weakening of the meridional temperature gradient exhibits a marginal sensitivity
to changes in atmospheric resolution, with only a slight increase at higher resolution. Thus,
even with an identical ocean grid, differences in atmospheric resolution create atmosphere—
ocean feedbacks that introduce some sensitivity in SST, but that response is very weak. This
relationship underscores that the biases in large-sized ETC and associated large-sized
atmospheric circulations are not sensitive to atmospheric resolution changes from 100 km to
25 km at least for the SPEAR models.

a) SPEAR-LO__

120°E 180° 120°W 60°W 0° 60°E

—0.009 —0.006 —0.003 0.000 0.003 0.006 0.009
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Fig. 9. Biases in the Eady growth rates (shadings; in day™) in the SPEAR models and
climatology of the Eady growth rate (contours) in ERAS. (a), (b), and (c) represent results
from SPEAR-LO, SPEAR-MED, and SPEAR-HI, respectively. Hatched areas denote regions
where more than 90% of the ensemble members disagree with the sign of the ensemble mean

bias. Regions with elevations above 1,000 m are masked in black.
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Fig. 10. Biases in (a, c, €) sea surface temperatures (shadings; in °C) with 700-hPa
steering flows (black vectors; in m/s) and (b, d, f) low-level meridional potential temperature
gradients (shadings; in K/degree latitude) in the SPEAR models. Hatched areas denote
regions where more than 90% of the ensemble members do not agree with the ensemble
mean bias. Only steering flow biases in the region, where more than 90% of the ensemble
members agree, are shown. From top to bottom, the panels represent results from (a, b)
SPEAR-LO, (c, d) SPEAR-MED, and (e, f) SPEAR-HI.

In contrast, small-sized ETCs increase more substantially with increasing atmospheric
resolution and their behavior is not clearly linked to baroclinicity. The increased small-sized
ETC frequency bias over the ocean appears to be partly driven by SST-induced low-level

steering flow, which can affect the propagation of these small-sized ETCs (Figure 10). In
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SPEAR models, the poleward steering flow biases emerge in regions with overestimated
cyclogenesis south of peaks in the central North Pacific and the central North Atlantic,
leading to more small-sized ETCs propagating poleward from lower latitude. However, the
sensitivity of small-sized ETC occurrence to atmospheric resolution, which is more
pronounced than in large-sized ETCs, appears distinct from the pattern of low-level

baroclinicity biases.

One possible explanation for this increase in small-sized ETCs with higher resolution
may be cyclone splitting, such as secondary cyclogenesis, which often occurs downstream of
primary cyclone formation regions (Priestley et al., 2020b) and is influenced by finer
atmospheric processes, such as frontolytic strain and strong diabatic heating (Ludwig et al.,
2015; Schemm, 2023). The short lifespans and distinct geographical distributions of small-
sized ETCs further support the possibility of the relationship between increased ETC

frequency and secondary cyclogenesis in higher-resolution SPEAR models.

Indeed, our additional analyses using the SOM applied to composite fields of
precipitation and SLP anomalies from ERA5 and SPEAR models clearly demonstrate the
existence of organized precipitation patterns preceding small-sized cyclone formation (Figure
11). Such features are consistently reproduced in SPEAR models (see Figures S1-3 in
supplementary material). Specifically, precipitation was evident approximately 12 hours
before small-sized ETC genesis, strongly suggesting a pivotal role of diabatic heating
processes in small-sized cyclogenesis. Furthermore, the SOM results (Clusters 0, 3, 4, 5, 6,
and 7) indicate that most small-sized ETCs were generated via secondary cyclogenesis (about
80% of total small-sized ETCs), supporting the result that small-sized cyclones do not
necessarily exhibit weaker intensity in Figure 5. Additionally, some small-sized ETCs were
also found to form near high-pressure systems (Clusters 1 and 2), likely intensifying moisture
transport and contributing to enhanced diabatic heating. Thus, diabatic processes and model
physics at finer scales appear to play significant roles in the increased occurrence and

uncertainty associated with small-sized ETCs in high-resolution SPEAR models.
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Fig. 11. Each panel shows cyclone-centered composites in ERA5 of SLP anomalies
(contours; in hPa) and precipitation (shadings; in mm/hr) at the genesis time (0 h) and 12
hours before (—12 h) for T106 small-sized ETCs (effective radius < 600 km), classified into
eight SOM clusters (Clusters 0—7). SLP anomalies are computed relative to the six-hourly
climatological mean over 1991-2020. The composites are classified using SOM. The domain
of each composite field covers +20° latitude and longitude around each cyclone center within
the North Pacific (153°-210°E, 30°-45°N) and North Atlantic (320°-360°E, 50°-65°N)

regions.

d. Uncertainty of reanalysis datasets for small-sized ETCs
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When interpreting biases in ETCs, it is essential to account for the uncertainties in
reanalysis datasets. Given the physical mechanisms underlying the increase in small-sized
ETCs in high-resolution models, a key question arises: is this increase a model bias or a
reflection of better detection?

Large discrepancies across different reanalysis datasets indicate that the higher frequency
of small-sized ETCs in high-resolution models may not necessarily indicate an
overestimation but rather reflect limitations in the representation of small-sized systems in
reanalysis data (Figure 12). Higher-resolution reanalysis datasets, such as CFSR (Saha et al.,
2010; Saha et al., 2014; ~38 km), ERA5 (~35 km), JRA3Q (Kosaka et al., 2024; ~40 km),
tend to show a greater number of small-sized ETCs compared to lower-resolution datasets
like JRA55 (Kobayashi et al., 2015; ~55 km) and MERRAZ2 (Gelaro et al., 2017; ~50 km).
For instance, mean values for oceanic ETC effective radii are 926 km, 930 km, and 930 km
for CFSR, ERADb, and JRA3Q, respectively, compared to larger mean radii of 981 km and
955 km for JRAS5 and MERRAZ2. Additionally, the frequency of small-sized oceanic ETCs
is consistently higher in CFSR, ERAS5, and JRA3Q, suggesting their finer spatial resolution
enhances the detection of small-sized ETCs. This tendency extends to continental ETCs,
where higher-resolution datasets (e.g., CFSR, ERA5, JRA3Q) exhibit smaller mean effective
radii (789-807 km) and a greater number of small-sized ETCs compared to lower-resolution
datasets (816-840 km). Moreover, the discrepancy among reanalysis datasets is larger over
the ocean than the land (Figures 12a and 12b), suggesting that the observational network also
contributes to the uncertainty of ETCs in reanalysis datasets. The ability of higher-resolution
datasets to better capture small-scale atmospheric processes, likely due to their finer spatial
resolution at which their data assimilations operate (Yun et al., 2015), may play a key role in
these discrepancies. In contrast, lower-resolution datasets may smooth out small-sized
atmospheric processes during data assimilation, leading to a decrease in small-sized ETC
frequency and an increase in mean effective radii, particularly over the oceanic regions where

observational data is sparse.

These findings suggest that the apparent overestimation of small-sized ETCs in high-
resolution models may partly arise from limitations in representation of small-sized ETCs in
reanalysis datasets. Therefore, what is often interpreted as a model bias may instead reflect

the limited ability of coarser-resolution reanalysis to capture small-sized systems.
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4. Discussion and Summary

This study evaluates the sensitivity of ETCs to changes in atmospheric resolution
using the GFDL SPEAR model simulations at various atmospheric model resolutions (100
km, 50 km, and 25 km) and cyclone tracking performed with SLP data at various spectral
truncations (T42, T63, and T106). Key findings reveal both the benefits and challenges of
interpreting biases in ETCs as atmospheric resolution increases in climate models.

Different truncations result in distinct sensitivities of ETC frequencies to atmospheric
resolution changes. The T42 and T63 ETC frequencies exhibit relatively modest sensitivity,
consistent with the findings in Priestley & Catto (2022). In contrast, ETC frequency at T106
demonstrates higher sensitivity. Specifically, higher atmospheric resolutions for cyclones
tracked at T106 do not noticeably affect the representation of large-sized ETCs. The bias and
resolution sensitivity for these large-sized ETCs are connected to the SST gradient. In
contrast, high-resolution simulations tend to slightly improve small-sized continental ETCs,
especially over central Europe and Asia, and largely overestimate the frequency of small-
sized oceanic ETCs, especially over the North Pacific and the North Atlantic, leading to
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increased bias in small-sized ETC frequency compared to reanalysis data. In this study, we
confirm that the frequency bias of large-sized ETCs is linked to SST gradient-induced large-
scale flow bias, consistent with previous findings (Woollings et al., 2010; Small et al., 2019).
In contrast, the frequency of small-sized ETCs appears to be less influenced by SST biases.

The increase in ETC frequency with higher-resolution model is qualitatively
consistent with earlier findings in an atmosphere-only configuration by Jung et al. (2006),
suggesting the predominant impact of atmospheric resolutions despite considering
atmosphere-ocean feedback. We confirmed this increase in ETC frequency is mostly
contributed by the increase in small-sized ETC frequency. This sensitivity of small-sized
ETC frequency likely stems from the models’ increased sensitivity to mesoscale atmospheric
processes, such as secondary cyclone formation, which become more pronounced at higher
resolutions (Ludwig et al., 2015; Schemm, 2023). Schemm & Sprenger (2015) provide
additional critical insights, highlighting that latent heat release and associated diabatic
processes significantly enhance lower-tropospheric potential vorticity anomalies along fronts,
facilitating frontal-wave (secondary) cyclone formation. In this study, we found that
precipitation consistently occurred prior to the formation of small-sized ETCs, and
approximately 90% of these systems were likely generated through secondary cyclogenesis.
This suggests a strong link between diabatic processes and small-sized cyclogenesis. The
improved resolution may allow the model to better resolve diabatically driven processes and
along-frontal deformation fields, which could explain the substantial increase in small-sized
ETC frequency observed in the higher-resolution SPEAR simulations. It is worth noting that
SPEAR-HI includes additional tuning of damping and advection parameters in the dynamic
core to improve simulation of tropical cyclones (Jong et al., 2023). This tuning may also
contribute to the increased frequency of small-sized ETCs in SPEAR-HI compared to
SPEAR-LO and -MED. Nevertheless, to better understand how increased resolution
influences precipitation generation and the associated diabatic heating processes involved in
small-sized cyclogenesis, future work is needed to examine how model physics—particularly
those related to precipitation and latent heat release—respond to changes in atmospheric

resolution.

These findings suggest that higher atmospheric resolutions still face challenges in
representing small-sized ETCs, particularly over the ocean. This highlights the importance of
carefully considering ETC size when using these models to investigate ETCs with mesoscale
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features at higher truncation numbers. Additionally, small-sized ETC biases may also reflect
contributions from biases in mesoscale ocean-eddy related air-sea coupling other than large-
scale SST-induced baroclinicity. Because these ocean-eddy induced biases interact with the
atmosphere, repeating these sensitivity tests with eddy-permitting (< 0.25°) oceanic
resolution and with atmosphere-only runs forced by observed SST would be valuable for

isolating the impact of higher oceanic resolution in further research.

Furthermore, this study emphasizes the importance of accounting for uncertainties in
recent reanalysis datasets when interpreting bias in small-sized ETCs. Higher-resolution
reanalysis, such as CFSR, ERA5, and JRA3Q, consistently show more frequent small-sized
ETCs compared to lower-resolution datasets like JRAS55 and MERRAZ2. The discrepancy in
small-sized ETC frequency across different reanalysis datasets underscores the potential link
between resolution and the representation of small-sized ETCs in reanalysis, indicating the
need for caution when using reanalysis datasets as reference data for evaluating small-sized
ETCs. Because of this uncertainty of small-sized ETC numbers in reanalysis datasets, the rise
in small-sized ETC frequency in higher-resolution SPEAR models may not imply
overestimation but instead highlight their capability to capture more small-scale processes,
such as frontolytic strain and strong diabatic heating (Ludwig et al., 2015; Schemm, 2023).
Nevertheless, it might reflect not only spatial resolution difference but also vertical
resolution, observational inputs and data assimilation methods (Hodges et al., 2003). Thus, to
further explore the relationship between model resolution and the representation of small-
sized ETCs in reanalysis datasets, especially in regions with sparse in-situ observations,
future analyses might benefit from Observing System Simulation Experiments (OSSES) with
high-resolution model simulations that use data from the current observing system and

perform data assimilation.

Our approach, based on large-ensemble simulations using a single climate model (GFDL
SPEAR), enables systematic isolation of atmospheric resolution effects on ETC
representation, considering the associated atmosphere-ocean feedbacks and keeping oceanic
resolutions and model physics consistent. However, it is important to note that the findings in
this study reflect specific characteristics and potential biases inherent in a single model. Thus,
caution should be exercised in broadly generalizing these results. Future research comparing
these results with multi-model ensemble analyses could enhance the robustness of our

findings by addressing inter-model variability associated with different atmospheric and
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oceanic physics schemes. Additionally, recent findings by Schemm (2023) suggest that
convection-permitting, km-scale resolution simulations may improve ETC representation and
reduce biases commonly observed at coarser resolutions. Conducting a size-dependent
assessment of ETCs using convection-permitting simulations could further strengthen the
conclusions drawn in this study. Furthermore, since our analysis relies on a pressure-based
tracking method, the representation of ETC characteristics and spatial distributions may differ
from those obtained using vorticity-based approaches (e.g., Neu et al., 2013; Hewson and
Neu, 2015).

In conclusion, higher-resolution models may introduce potential overestimations of
small-sized systems over the ocean, necessitating careful assessment. Given the critical role
of ETCs in driving midlatitude precipitation, these biases in small-sized ETC representation
could have important implications for a better understanding of midlatitude precipitation
biases. These resolution sensitivities may also influence future climate projections, where
enhanced latent heating and storm track shifts could further modify cyclone characteristics.
Thus, understanding how model resolution affects ETCs may be important for improving
confidence in future projections. Future research should focus on investigating the regional
impacts of ETC biases, particularly the small-sized ETCs and their potential role in air-sea
coupling processes and their potential impact on precipitation. Moreover, the ETC effective
area derived from closed SLP contours may offer a physically consistent way to represent the
spatial scale of surface cyclones. This measure could be useful in future studies assessing the
spatial extent of wind-related impacts, such as those associated with wind footprint analyses
(Gentile et al., 2023), or compound extremes involving precipitation and wind (Messmer and
Simmonds, 2021). In addition, future studies could benefit from analyzing the sensitivity of
ETCs to atmospheric resolution changes in the Southern Hemisphere and during Northern
Hemisphere summertime, as these analyses might provide complementary insights into ETC

dynamics under different baroclinic environments.
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