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Abstract Chang (2024, https://doi.org/10.1029/2024gl110011) challenged the methodology proposed
recently by Okajima et al. for evaluating cyclonic and anticyclonic contributions to Eulerian eddy statistics and
atmospheric energetics based on the local flow curvature. He argued that using the local wind curvature to
separate energetic contributions from cyclones and anticyclones is not physically meaningful. Here we argue
that his claims are based on an unrealistic assumption of monopolar relative vorticity in an entire storm‐track
domain and a meridionally uniform zonal background flow atypical to midlatitudes. We also demonstrate that
the error in attributing eddy statistics to cyclones and anticyclones is significantly smaller than his estimation.
Rather, we further demonstrate that the curvature‐based methodology effectively eliminates the shear influence
to identify cyclonic and anticyclonic regions, which is dismissed in his argument. We conclude that the
curvature‐based methodology is beneficial in evaluating distinct cyclonic and anticyclonic contributions to
atmospheric energetics in realistic conditions.

Plain Language Summary Chang (2024, https://doi.org/10.1029/2024gl110011) raised a question
about the effectiveness of the recent method by Okajima et al. for evaluating cyclonic and anticyclonic
contributions separately to eddy statistics based on the local flow curvature. He brings idealized cases to claim
that the method by Okajima et al. is not physically meaningful. Here we show that Chang's arguments rely on an
unrealistic assumption that an entire storm‐track region contains only one or two isolated cyclonic vorticity
patches placed within horizontally uniform westerlies, which are atypical of midlatitudes. We also reveal that
the error in attributing eddy statistics to cyclones and anticyclones is much smaller than Chang's result. The
curvature‐based method effectively removes the influence of shear vorticity to determine cyclonic and
anticyclonic regions, which is overlooked in his argument. We conclude that our curvature‐based method is
useful for evaluating the separate contributions of cyclones and anticyclones to atmospheric energetics in
realistic conditions in midlatitudes.

Eulerian eddy statistics based on high‐pass‐filtered atmospheric variables are widely used to study storm‐
track activity with their easy applicability to reanalysis data sets (Chang et al., 2002; Wallace
et al., 1988) and climate model outputs (Eyring et al., 2021), and their suitability for quantitative dynamical
diagnostics (Hoskins et al., 1983; Orlanski and Katzfey, 1991). Nevertheless, Eulerian eddy statistics such
as eddy kinetic energy (EKE) are incapable of separating contributions between cyclones and anticyclones,
despite the differences between the spatial distributions of Eulerian eddy statistics and Lagrangian cyclone
tracks (e.g., Shaw et al., 2016), and between their seasonality (Okajima et al., 2022, 2023). Wallace
et al. (1988) pointed out that Eulerian eddy statistics are not necessarily dominated by cyclones.
This incapability has limited our understanding of storm‐track dynamics and related eddy‐mean flow
interactions.

As an attempt to resolve this issue, Okajima, Nakamura, and Kaspi (2024; hereafter ONK24) evaluated cyclonic
and anticyclonic contributions separately to Eulerian eddy statistics and atmospheric energetics based on instan-
taneous identification of cyclonic and anticyclonic regions according to the local curvature of the flow, expanding a
practical, ad hoc method developed by Okajima et al. (2021). The curvature of the flow effectively eliminates the
influence of shear vorticity associatedwith strongmidlatitude jets in storm‐track regions, to determine cyclonically
and anticyclonically rotating regions embedded in these jets. The curvature also has an advantage in its inde-
pendence of scalar wind speed and straightforward physical meaning, in that its reciprocal is a curvature radius of
the flow.
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Chang (2024) raised a question about the effectiveness of the methodology proposed by ONK24. Using idealized
examples in which a cyclonic vortex with an isolated positive relative vorticity maximum embedded in constant
horizontally uniform westerlies, he argued that two large regions of negative (anticyclonic) curvature are
observed east and west of the isolated cyclonic vortex, although there is only a cyclone with no anticyclones in the
domain. He also showed that the fraction of EKE “misattributed” as contributions from regions of anticyclonic
curvature depends on the speed of the background flow when we set a non‐zero curvature threshold as in ONK24.
He claimed that the attribution of a substantial fraction of EKE to anticyclones in his examples is erroneous and
further argued that using the curvature of the local wind to separate energetic contributions from cyclones and
anticyclones is not physically meaningful.

First, we show that his results rely on specific configurations of the flows. Figures 1a–1d depict an idealized case
where an isolated cyclonic eddy is superimposed on horizontally uniform westerlies (Case 1), which corresponds
to Chang's first case. In Case 1, we assume a geopotential height field Z in a 20,000 km‐wide square domain on an
f‐plane as

Z =
− y + Ly/2
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where ZB = 0 m denotes the background gradient of geopotential height, U0 = 20 m s− 1 the intensity of the
westerly flow, Uy = 1010 km the width of the westerly flow, E0 = 5.0 × 10− 5 s− 1 the amplitude of eddies in
vorticity, Ex = 700 km and Ey = 700 km the zonal and meridional scales of eddies, respectively, Ly(=20,000 km)
the meridional size of the domain, and f0 the Coriolis parameter (fixed to the value at 45°N). Although relative
vorticity is axisymmetric (Figure 1a), curvature vorticity is non‐axisymmetric (Figure 1c) to cancel shear vorticity
induced by the superposition of the eddy on the background flow (Figure 1b). As pointed out by Chang (2024), the
curvature field is correspondingly distorted (Figure 1d), which is indeed meaningful in that the anticyclonic
curvature (vorticity) regions indicate local supergeostrophy. The meridionally uniform background flow is,
however, atypical in storm‐track regions, which are characterized by sharp and strong extratropical jets (e.g.,
Spensberger et al., 2017), as in our Case 2.

Figures 1e–1h depict Case 2, where a more realistic, meridionally confined jet is prescribed as a background of the
cyclonic vortex. In Case 2, we set ZB = 800 m, U0 = 35 m s− 1, and Uy = 1,300 km in Equation 1 with the other
parameters identical to those in Case 1. In this case, determining a cyclonic region based on the relative vorticity

Figure 1. Simple cases. (a–d) Relative vorticity (a; 10− 5 s− 1; colored as indicated), shear vorticity (b; 10− 5 s− 1), curvature vorticity (c; 10− 5 s− 1), and curvature (d;
10− 6 m− 1) in the case where an isolated cyclonic eddy is superimposed onto horizontally uniform background westerlies (Case 1). Arrows denote horizontal winds
(m s− 1). Black contours indicate geopotential height (m). Red contours indicate kinetic energy associated with the eddy flow defined as wind fields associated with the
vortex in a resting background state (m2 s− 2). Panels (e–h) same as in (a–d), respectively, but for the corresponding fields in the case where the cyclonic eddy is
superimposed on a meridionally‐confined westerly jet (Case 2).
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field (Figure 1e) is more difficult compared with Case 1 (Figure 1a), because of shear vorticity (Figure 1f)
associated with the jet. Curvature vorticity (Figure 1g) effectively eliminates the influence of shear vorticity if
compared with relative vorticity (Figure 1e). Indeed, effective removal of the influence of the lateral shear of
westerly jets is an essential advantage of our methodology (ONK24), which is dismissed in Chang's argument.
Although there are still two regions of anticyclonic curvature west and east of the vortex (Figure 1h), they are
much less distinct compared with those in Case 1 (Figure 1d). Contributions of cyclonic regions at latitudes far
away from the vortex and jet to Eulerian eddy statistics are also limited because the corresponding curvature
vorticity is weak (Figure 1g). Moreover, we can set a non‐zero threshold for determining cyclonic and anticy-
clonic domains (ONK24) to verify the robustness of the results against the arbitrariness in cutting domains of
strong winds in cyclone‐anticyclone transition zones into half.

Chang (2024) pointed out that the dependence of the fraction of cyclone‐related EKE attributed as contributions
of anticyclonic regions upon the speed of the background flow.We have found, however, that it is also sensitive to
specific configurations of the flows. Figure 2a shows the fraction of EKE attributed to cyclonic and anticyclonic
regions in Cases 1 and 2 based on a curvature threshold of ±0.33 × 10− 6 m− 1. The sum of the fraction of cyclonic
and anticyclonic EKE decreases with background wind speed, probably because the effect of strong background
winds acts to reduce the curvature of the flow. Consistent with Chang (2024), the fraction of EKE attributed to
anticyclonic regions is maximized under a moderate background wind speed (∼15 m s− 1) in Case 1 (blue dashed
line in Figure 2a). Nevertheless, the fraction of anticyclonic EKE is ∼10% at maximum, which is much smaller
than the value (∼30%) presented by Chang (2024). Furthermore, in the more realistic jet‐like case (Case 2; solid
lines in Figure 2a), the fraction of anticyclonic EKE is nearly zero regardless of the background jet intensity.
Additionally, under moderate and strong jet intensities, the fraction of cyclonic EKE is systematically higher than
that in Case 1. We therefore consider that Chang's argument that the separation based on the flow curvature is
erroneous is misleading as it is based on the atypical cases. Note that a non‐zero curvature threshold as in ONK21
works better than a threshold of zero curvature (Figure 2b) for these two cases.

Furthermore, the assumption of monopolar relative vorticity contained in the entire domain in Chang's examples
is also unrealistic. His idealized cases contain only one or two isolated cyclonic relative vorticity patches in a
square domain, which is 10,000 km wide. When averaged over the entire globe, relative vorticity should be zero
due to the cancellation of divergence/convergence and its fluxes (e.g., Holton, 2004). This suggests that there
must be regions of both positive and negative relative vorticity in a relatively wide domain, such as the North
Pacific and Atlantic storm‐track regions. To see if this is indeed the case, Figure 2c shows the distribution of the
ratio of instantaneous area‐averaged vorticity only over the grid points of cyclonic vorticity to the corresponding
average of anticyclonic vorticity, within the Nort Pacific. The length and width of the domain focused here are
∼5,000 km. The ratio is distributed approximately around unity and very unlikely to be larger (smaller) than 1.75
(0.5). Chang (2024) argued that his assumption of monopolar cyclonic vorticity reflects the observation that
cyclonic vortices are observed much more frequently than anticyclonic vortices (Hoskins & Hodges, 2002). This
may be consistent with a positively skewed distribution of the ratio between the numbers of grid points of cyclonic
and anticyclonic vorticity, whose mean is substantially smaller than unity (green line in Figure 2c). This skewed
distribution is indicative of the statistically more coherent structure of cyclonic vortices, which is likely favorable
for their identification by automated algorithms. Nevertheless, the frequency distribution in Figure 2c corrobo-
rates that Chang's argument based on monopolar cyclonic vorticity is unrealistic and thus unjustified, given that,
in his examples, area‐averaged anticyclonic vorticity is zero and the ratio between area‐averaged cyclonic and
anticyclonic vorticity is infinity. If the condition of near‐zero area‐averaged relative vorticity in the domain is to
be met, we should have anticyclonic regions everywhere out of the isolated cyclonic vortex, where the attribution
of EKE partly to anticyclones is reasonable. These results also substantiate that Case 2 (Figures 1e–1h) is much
more realistic than Case 1 (Figures 1a–1d).

The methodology by ONK24 aims to obtain long‐term climatological means of Eulerian eddy statistics and at-
mospheric energetics. We do not claim that our methodology is always precisely accurate, and thus we regard it as
“practical, ad hoc.” Although it may be possible to pick up unrealistic, atypical cases like an isolated monopolar
cyclone in horizontally uniformwesterlies (Chang, 2024; Figures 1a–1d), the overall value of our curvature‐based
framework, which is effective in realistic conditions, cannot be degraded.

Chang's claim that the separation of cyclonic and anticyclonic contributions based on flow curvature is physically
meaningless assumes that we can obtain a priori knowledge about which vorticity anomalies are dynamical and
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thus physically meaningful. In the real atmosphere, however, we usually observe both positive and negative
relative vorticity, associated with its shear and curvature components, in the basin‐scale storm‐track regions.
Unlike in his argument, it is therefore impossible to obtain a priori knowledge about which portion of a given
vorticity field is associated with a cyclonic or anticyclonic vortex and which is a dynamically more active system.
Rather, it is a purpose of the ad hoc, practical curvature‐based methodology by ONK24 to identify cyclonic and
anticyclonic vortices embedded in westerly jets, which immediately leads to the separation of Eulerian eddy
statistics widely used in storm‐track studies into cyclonic and anticyclonic contributions. Calculating the local
curvature of the flow is also beneficial since it can be a source of cyclone/anticyclone asymmetry through the
difference in the role of centripetal acceleration.

The difficulties in determining which portion of a given upper‐level vorticity (or potential vorticity) anomaly field
is associated with a cyclonic or anticyclonic vortex can be seen in an actual case (Figures 2d and 2e). Upper‐level
vorticity is influenced strongly by shear vorticity of westerly jets (Okajima et al., 2021; Figures 2d and 2e), which
is overlooked by Chang (2024). Additionally, a cyclone (or cyclonic vortex) is unlikely to consist only of a simple
circular‐shaped, isolated anomaly of positive vorticity. Rather, positive anomalies of vorticity are confined into a
much smaller region around the cyclone center (Figure 2d) compared with the trough or cut‐off low represented
by geopotential height and curvature (Figure 2e), which is likely related to precipitation associated with the
cyclone.

Figure 2. (a) Fraction of eddy kinetic energy (EKE) within cyclonic (red lines) and anticyclonic (blue lines) regions as a function of the background flow or jet strength
(m s− 1; U0) based on a curvature threshold of ±0.33 × 10− 6 m− 1 (as in Chang (2024) and ONK24). Dashed and solid lines denote results based on Cases 1 and 2,
respectively. EKE is averaged horizontally within the domain shown in Figure 1. Note that the vortex has a maximumwind speed of about 15 m s− 1. Panel (b) same as in
(a), but for a curvature threshold of zero. (c) Frequency distribution of the ratio of relative vorticity averaged only over grid points of positive values to that averaged only
for negative values (purple) within (155°E− 155°W, 15°N− 60°N) in January and February for the period of 1959–2022 (the total sample size is 15,168). Values larger
than unity mean that positive vorticity dominates negative vorticity. Green line denotes the corresponding frequency distribution of the ratio between the numbers of
grid points of positive and negative relative vorticity in the domain. (d) Eight‐day high‐pass‐filtered 300‐hPa relative vorticity (colors as indicated; 10− 5 s− 1) at
00z11Jan1993 over the North Atlantic (Odell et al., 2013). Black contours indicate unfiltered 300‐hPa relative vorticity (every 4 × 10− 5 s− 1; thick for zero contours).
Arrows signify unfiltered 300‐hPa horizontal winds (m s− 1). Panel (e) same as in (d) but for local curvature of unfiltered horizontal winds (colors; 10− 6 m− 1) and
unfiltered 300‐hPa geopotential height (black contours; every 100 m and thick for every 400 m). All variables shown are from the JRA‐55 reanalysis (Harada
et al., 2016; Kobayashi et al., 2015).
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Distributions of fluctuating winds and other variables associated with baroclinic eddies can be viewed theoret-
ically as a superposition of multiple vortices according to the PV‐based framework (Davis, 1992; Hoskins
et al., 1985), as mentioned by Chang (2024). As a practical, ad hoc method, the curvature‐based method is
effective in determining cyclonic and anticyclonic regions under the effect of shear vorticity, as shown above, and
by Okajima et al. (2021) and ONK24. We do not claim that the curvature‐based method is the best and only
possible way to evaluate cyclonic and anticyclonic contributions to Eulerian eddy statistics. Rather, there are
many aspects to be better understood, including the relationship between the relative importance of cyclones/
anticyclones and the configuration of the background flow, as discussed by Chang (2024) and shown in Figure 2.

We conclude that the methodology based on local curvature is effective when applied to atmospheric flow fields,
either observed or realistically simulated, for evaluating distinct cyclonic and anticyclonic contributions to
Eulerian eddy statistics and atmospheric energetics. Results obtained by the methodology are thus physically
meaningful and provide insights into the distinct roles of cyclones and anticyclones in storm‐track dynamics and
eddy‐mean flow interactions. Indeed, the crucial importance of the anticyclonic contribution to the midwinter
minimum in North Pacific transient eddy activity (Nakamura, 1992; Okajima et al., 2022) obtained by ONK24 is
consistent with other studies (Hadas & Kaspi, 2024; Okajima et al., 2023). Our ad hoc method is more feasible in
applications to massive data of long‐term reanalyzes and climate model outputs. Our framework can apply also to
variables such as moisture, precipitation, and turbulent surface heat fluxes (e.g., Okajima, Nakamura, & Spen-
gler, 2024), which are irrelevant to vorticity or PV. Further studies will enrich our insight into the cyclone/an-
ticyclone asymmetry and thereby advance our understanding of atmospheric general circulation.

Data Availability Statement
The JRA‐55 reanalysis can be obtained from the Data Integration and Analysis System (DIAS; https://search.
diasjp.net/en/dataset/JRA55). The data of the simple cases shown in Figures 1 and 2 is available and archived in
Zenodo (Okajima, 2024). Inkscape v1.0.1 (https://inkscape.org/release/1.0.1/) is used to generate the figures.
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