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Abstract By employing the conditional nonlinear optimal perturbation approach within a two‐layer
quasigeostrophic (QG) model, we investigate the sensitive areas for targeted observations of mesoscale eddies
relevant to sea surface height anomaly (SSHA) forecasting and reveal their pronounced latitude dependence.
Our results show that the spatial characteristics of sensitive areas may differ markedly among eddies located in
different latitudinal bands, although these areas are generally situated in regions characterized by clear high‐to
low‐velocity gradients, with velocity decreasing spatially along the direction of eddy rotation. For eddies at high
latitudes, sensitive areas are primarily located in regions exhibiting the most pronounced high‐to low‐velocity
gradients within the vortex. However, at low latitudes, the sensitivity is not determined solely by the magnitude
of the velocity gradient; instead, the zonal velocity direction within the gradient region also plays a crucial role.
Specifically, sensitive areas preferentially emerge where high‐to low‐velocity gradients coincide with an
eastward velocity component, even when the gradients are relatively weaker. Observing system simulation
experiments further confirm that prioritizing data assimilation in the identified sensitive areas within specific
latitudinal regimes significantly improves SSHA forecast skill. From a dynamical perspective, the latitude‐
dependent sensitivity patterns can be physically interpreted in terms of barotropic instability modulated by the
planetary β‐effect. These findings provide practical guidance for optimizing targeted observation strategies in
realistic oceanic settings, highlighting the critical role of latitude in the selection of observation sites for
mesoscale eddies and ultimately enhancing SSHA forecasting capability.

Plain Language Summary Accurate representation of mesoscale eddies is important for improving
ocean forecasts. Owing to their highly nonlinear nature, small initial errors in certain parts of an eddy can grow
rapidly and strongly affect predictions. Observations made in these especially sensitive areas can therefore
greatly improve forecast accuracy. Previous studies suggested that such sensitive areas are usually located in
regions of the strongest high‐to low‐velocity gradients within an eddy along its rotation direction. However, our
results show that this is not always the case, considering the latitudinal variation in mesoscale eddy
characteristics. We find that the locations of sensitive areas also depend on latitude, with low‐latitude eddies
behaving differently from those at high latitudes. This means that knowing an eddy's latitude helps identify
where observations will be most effective. Considering latitude can lead to more efficient observing strategies
and improved forecasts of sea surface height anomaly.

1. Introduction
Oceanic mesoscale eddies are ubiquitous coherent rotating structures of water with radial scales ranging from 25
to 250 km and lifetimes spanning 10–100 days, which can be considered as an approximation to the geostrophic
balance (Chelton et al., 2011). These eddies, characterized by their energetic dominance and high nonlinearity,
play a crucial role in modulating the general circulation of the ocean and also contribute significantly to the
mixing and transport of heat, salt, and biogeochemical tracers (Dong et al., 2014; Ni et al., 2020; Wunsch, 1999;
Z. Zhang et al., 2014). Mesoscale eddies have been demonstrated to impact near‐surface winds, clouds, and
rainfall in their vicinity (Chelton, 2013). With such broad impacts, knowledge of mesoscale eddies holds sig-
nificant implications for depicting future ocean states and related aspects of biological, chemical, and geological
oceanography (Robinson, 1983), as well as for describing future atmospheric conditions (Frenger et al., 2013).
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Recent advancements in satellite technology have made it possible to routinely acquire satellite observations for
characterizing mesoscale eddies. Moreover, field observations are a useful complement (Z. Zhang et al., 2019).
Integrating these observations into numerical models through data assimilation holds the potential to greatly
refine the simulation of mesoscale eddies, enhancing the precision of initial conditions and consequently
bolstering the forecasting accuracy of numerical models. However, it is important to note that the spatial and
temporal sampling frequency of satellites still falls short of the requirements of increasingly developed high‐
resolution numerical models, particularly for real‐time forecasts (Cotton & Menard, 2006). Moreover, assimi-
lating additional observations in regions that are highly sensitive to the initial values of forecasts can significantly
improve forecasting accuracy. In contrast, in areas with low sensitivity, the benefits of assimilation may be
limited, and in some cases, forecasting skill could even degrade due to errors introduced by imperfect assimilation
methods or unresolved model processes (Janjic et al., 2018). Therefore, even when a large volume of observations
is available, it remains essential to prioritize assimilation in regions where it is most critical to achieve optimal
forecasting performance. To address these embarrassments, and drawing on the crucial role that mesoscale eddies
play in the ocean, research is increasingly focused on optimizing the use of limited observations to effectively
describe mesoscale eddies, thereby enhancing forecasting skills for ocean state.

Through observing system simulation experiments, Weiss and Grooms (2017) suggested that precise initializa-
tion of mesoscale eddies improves sea surface height (SSH) forecasting accuracy. Specifically, they found that
assimilating evenly distributed nine‐point observations of eddies is the most effective strategy for this purpose.
Nevertheless, it's crucial to emphasize that mesoscale eddies exhibit irregular shapes and asymmetric flow fields,
characterized by highly nonlinear features (Chelton et al., 2011; Tang et al., 2020). In light of this, the uniform
assimilation strategy may not adequately capture the nonlinear characteristics of eddies, and, therefore, may not
necessarily maximize SSH forecasting skill. Jiang et al. (2022) proposed that there should be certain key regions
on mesoscale eddies where prioritizing additional observations with specific distribution characteristics can more
effectively improve SSH forecasting skill. This idea aligns with the observational strategy entitled “target
observation” (Mu, 2013; Snyder, 1996), which aims to improve the prediction of an event at a future time t1 (the
verification time) within predefined areas of interest (verification areas) by strategically deploying additional
observations at a specific time t2 (the targeted time; typically t2 < t1) in key areas (sensitive areas). These
additional observations in sensitive areas are expected to exert a considerable influence on forecasts within the
verification area. By giving precedence to assimilating targeted observations in sensitive areas, more reliable
initial conditions can be established, thereby enhancing the accuracy of predictions for pertinent events more
effectively.

At present, a series of encouraging results have been achieved in theoretical research and related field experiments
of target observations for high‐impact weather and climate event forecasting. For instance, the Observing System
Research and Predictability Experiment (THORPEX), organized by the World Meteorological Organization
during 2005–2014, employed singular vector and Ensemble Transform Kalman Filter methods to identify sen-
sitive areas and demonstrated the important role of targeted observations in improving tropical cyclone track
forecasts (Gelaro et al., 2010). Moreover, the Dropwindsonde Observation for Typhoon Surveillance near the
Taiwan Region (DOTSTAR) program has employed the adjoint‐derived sensitivity steering vector method to
guide aircraft observations since 2003, significantly improving operational typhoon forecasting in Taiwan (Wu
et al., 2007, 2009). Compared with atmospheric applications, oceanic target observation studies have developed
more recently. Representative examples include the identification of sensitive areas for Kuroshio large meander
prediction using singular vector analysis (Fujii et al., 2008) and the determination of optimal observation loca-
tions for decadal predictions of Kuroshio Extension path transitions using particle filter techniques (Kramer
et al., 2012). However, it should be noted that most of the above studies and field experiments, whether in the
atmosphere or the ocean, have relied to varying degrees on linear approximations when identifying sensitive
areas. As a result, the effects of nonlinear physical processes may be underestimated, potentially leading to
discrepancies between the identified sensitive areas and the actual optimal observation areas. To overcome this
limitation, Mu et al. (2009) introduced the Conditional Nonlinear Optimal Perturbation (CNOP) method (Mu
et al., 2003) into target observation studies. Unlike traditional linear approaches, CNOP fully accounts for the
nonlinear evolution of initial perturbations and thus provides a more realistic framework for identifying sensitive
areas (Mu et al., 2009). Since then, the CNOP method has been successfully applied to a variety of high‐impact
atmosphere‐ocean phenomena, including tropical cyclones, heavy rainfall, dust storm events, PM2.5 forecasts,
the Kuroshio, circulation systems in the South China Sea, the El Niño‐Southern Oscillation, and the Indian Ocean
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Dipole (Chan et al., 2023; Duan et al., 2018; R. Feng & Duan, 2025; J. Feng et al., 2023; Li et al., 2014; Liang
et al., 2019; Liu et al., 2021; Qin et al., 2022; Q. Wang et al., 2013; L. Yang & Duan, 2024; L. Yang et al., 2022,
2023; K. Zhang et al., 2019).

Jiang et al. (2022) applied the CNOP method to investigate sensitive areas for targeted observations of mesoscale
eddies in a quasigeostrophic (QG) model for SSH anomaly (SSHA) forecasts, indicating where observations
should be preferentially deployed to better match the structure and irregular characteristics of the eddies. Spe-
cifically, they found that the sensitive areas for mesoscale eddies in SSHA forecasting are located in regions
where the eddies present the most pronounced high‐to low‐velocity gradients along their rotation. By using
multiple sets of realistic oceanic data, Jiang et al. (2023) demonstrated that preferentially assimilating additional
observations into such sensitive areas within mesoscale eddies in the Kuroshio Extension region can significantly
enhance SSHA forecasting skill, which confirms the validity of the sensitive areas identified in Jiang et al. (2022).
Moreover, Jiang et al. (2024) used the CNOP approach in the QGmodel to explore the target observation of paired
mesoscale eddies. They revealed that, in addition to the sensitive areas on the eddies themselves, there are also
sensitive areas for SSHA forecasting between co‐rotating eddies, which emphasizes the impact of interactions
between eddies on the sensitive areas for SSHA forecasting and deepens the understanding of the crucial role that
accurately describing mesoscale eddies plays in improving SSHA forecasting skills.

The aforementioned studies provide valuable guidance for the initialization of mesoscale eddies, which is a
crucial step toward improving SSHA forecast accuracy. However, it should be noted that the investigations by
Jiang et al. (2022, 2024) were conducted under the f‐plane approximation, without adequately accounting for
latitude information. In reality, mesoscale eddies are ubiquitous throughout the global ocean and exhibit a
nonuniform distribution, being abundant in subtropical to mid‐latitude regions and relatively sparse near the
equator and in polar areas. Moreover, mesoscale eddies display pronounced differences in their characteristics
across different latitudinal bands, including variations in horizontal scale, drift speed, and other properties. These
facts naturally raise the question of whether the characteristics of sensitive areas remain invariant across different
latitudinal bands despite the strong latitude dependence of eddy properties. Jiang et al. (2023) demonstrated that
the sensitive areas identified in Jiang et al. (2022) are applicable to the Kuroshio Extension region; however, it
remains unclear whether these sensitive areas are similarly valid across other latitudinal bands, particularly in the
subtropical band where mesoscale eddies are statistically prevalent. Collectively, these considerations motivate a
practical question: is it necessary to explicitly consider the latitude of mesoscale eddies when designing and
deploying targeted observation strategies?

To address the above question, the present study investigates the sensitive areas of mesoscale eddies associated
with SSHA forecasting while explicitly accounting for their latitudinal locations. The ultimate objective is to
consider more realistic oceanic scenarios and to provide robust and practical guidance for field campaigns
involving targeted observations of mesoscale eddies. In ocean numerical models, latitudinal information is pri-
marily represented through the Coriolis parameter and its meridional gradient (the planetary β‐effect). To
facilitate comparison with previous studies, we employ a QG model similar to those used by Jiang et al. (2022)
andWeiss and Grooms (2017), with the key distinction that the Coriolis parameter and its meridional gradient are
explicitly included in this study.

The organization of this paper is as follows. In Section 2, we briefly introduce the QG model and the CNOP
approach. In Section 3, CNOP‐type initial errors of mesoscale eddies are calculated, with particular attention paid
to eddies at low, mid, and high latitudes, and the corresponding sensitive areas are subsequently identified.
Section 4 describes the design of observing system simulation experiments to verify the sensitive areas of
mesoscale eddies at specific latitudes and to assess their effectiveness in improving SSHA forecast skill. In
Section 5, the latitude‐dependent sensitivity patterns are physically interpreted from the perspective of barotropic
instability associated with the planetary β‐effect. Finally, Section 6 presents a summary and discussion.

2. Model and Methodology
2.1. The Two‐Layer Quasigeostrophic Model

The doubly periodic quasigeostrophic (QG) model with two equal layers on a β‐plane is adopted. The model is
subject to a vertically sheared zonal flow that is horizontally uniform and baroclinically unstable. Through
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decomposition of the instantaneous field into mean and perturbation fields, the governing equations for pertur-
bation evolution derived from the two‐layer QG model can be expressed as follows.

∂tq1 = − U1 · ∇q1 − ∂xq1 − (kb + 1) v1 − ν∇8q1 (1)

∂tq2 = − U2 · ∇q2 + ∂xq2 − (kb − 1) v2 − cd · ∇ × (|U2|U2) − ν∇8q2 (2)

q1 = ∇2ψ1 +
1
2
(ψ2 − ψ1) (3)

q2 = ∇2ψ2 −
1
2
(ψ2 − ψ1) (4)

Equations 1–4 have been nondimensionalized using the deformation radius as a length scale and the imposed
zonal velocity as a velocity scale. qi represents the potential vorticity and ψi represents the streamfunction (i = 1,
2, corresponding to the first and second layer of the model), Ui is the two‐dimensional vector composed of zonal
velocity ui = − ∂y∂ψi and meridional velocity vi = ∂x∂ψi, cd(=0.1) is the standard quadratic drag coefficient and
ν(=5 × 10− 7) is the hyperviscosity coefficient. Note that the Coriolis parameter f is implicitly included in the
nondimensional equations; kb serves as a numerical parameter representing the intensity of the planetary β‐effect.
The model domain is square, with a nondimensional width of 32 π. Computational solutions for this model are
obtained using 256 × 256 nonzero Fourier modes and a fourth‐order semi‐implicit Runge‐Kutta scheme (Weiss
& Grooms, 2017). The nondimensional grid size is 0.39, providing more than two grid points per deformation
radius, which is adequate for eddy‐resolving simulations. The nondimensional time step is 0.01.

In Weiss and Grooms (2017), mesoscale eddies were identified in a simulation conducted on an f‐plane. The
averaged vortex exhibited a radius of 5 grid points and a maximum nondimensional velocity of 18. By assigning a
dimensional value of 15 km to the spatial grid (corresponding to a dimensional deformation radius of 38.2 km)
and 1 cm/s to the velocity, they obtained vortex statistics that closely matched the properties of real‐world
mesoscale eddies. In contrast, the present study explicitly accounts for specific latitudinal information and in-
corporates the planetary β‐effect, under which the dimensional deformation radius varies with latitude. To better
relate the nondimensional QG model to real‐world conditions, we retain a dimensional velocity scale of 1 cm/s
and use the statistical deformation radius in reality to define the model length scale at the corresponding latitude.
The zonal‐mean deformation radius generally decreases with increasing latitude (Chelton et al., 2011), implying
that the corresponding dimensional grid spacing in the QG model also varies with latitude. Notably, the value of
kb in the nondimensional model depends on both the characteristic velocity and length scales. For instance, at 30°
latitude, the statistical zonal‐mean deformation radius is approximately 40 km (Chelton et al., 2011), which
corresponds to a grid spacing of 15.708 km in the model. Under this scaling, the dimensional meridional gradient
of the Coriolis parameter in reality (β ≈ 1.98 × 10− 11m− 1s− 1) is mapped to a specific nondimensional
kb = 3.168. At 60° latitude, where the deformation radius decreases to approximately 10 km, the corresponding
grid spacing becomes 3.927 km, resulting in a different nondimensional kb = 0.114 in the QG model. The
corresponding vortex statistics derived from the model are presented in Section 3.

2.2. CNOP

To comprehensively consider the nonlinearity of mesoscale eddies, the CNOP method, a nonlinear technique of
target observation, is adopted in this paper. The CNOP, as defined by Mu et al. (2003), represents the initial
perturbation that adheres to a particular physical constraint and exhibits the most significant nonlinear evolution
at a specified prediction time. In this subsection, we will offer a brief overview of the CNOP. More details can be
seen in Mu et al. (2003).

In this study, the streamfunction of the first layer ψ1 in the QG model is used to represent SSHA, which is
subsequently perturbed and forecast. Mathematically, the CNOP is obtained by solving an optimization problem
with respect to the initial perturbations. The cost function for the problem considered here can be expressed as

J (ψ∗
1,0) = max

ψ1́,0∈Cδ

J (ψ 1́,0),J (ψ 1́,0) = ‖Mt (ψ1,0 + ψ 1́,0) − Mt (ψ1,0)‖A (5)
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where Mt represents the forward integration (a forecast) of the model with its initial condition. Mt (ψ1,0) and
Mt (ψ1,0 + ψ 1́,0) denote two forecasts generated by the same model but with distinct initial conditions ψ1,0 and
ψ1,0 + ψ 1́,0, respectively. The disparity lies in the fact that an initial perturbation ψ 1́,0 is added to the original
initial conditions ψ1,0. J represents one cost function evaluating the nonlinear evolution of the initial perturbation
ψ 1́,0 at prediction time t and δ constrains the scope of the initial perturbations. Here, L2 norm is used as ‖·‖A to
measure the evolution of perturbation. In addition, Equation 6 is employed to constrain the amplitude of initial
perturbations:

δ = {ψ 1́,0
⃒
⃒

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
n
∑
n

i=1
(ψ 1́,0)

2
i

√

≤ τ · (ψ1,0)STD} (6)

where n is the number of perturbed grids, τ is a predefined positive number, (ψ1,0)STD denotes the standard
deviation of the ψ1,0 across the entire model domain. Specifically, τ is set to 0.06 to ensure that the initial per-
turbations of SSHA at each grid point remain within the typical observational errors of 0.01–0.03 m.

The resulting initial perturbation ψ∗
1,0 is precisely the CNOP and is calculated using the Spectral Projected

Gradient 2 (SPG2) algorithm (Birgin et al., 1999). Note that the gradient of the objective function J with respect to
the initial value, representing the fastest descending direction of the cost function and playing a crucial role in the
SPG2 algorithm, is computed using the numerical derivative method here.

3. The Most Sensitive Initial Error of Mesoscale Eddies Associated With SSHA
Forecasting at Different Latitudes
As introduced above, CNOPs represent the most sensitive initial perturbations in a nonlinear model and have been
shown to be particularly effective in identifying areas of high sensitivity for targeted observations. CNOPs
typically manifest in areas with notably heightened perturbation energies, and the accuracy of forecasts is notably
sensitive to initial errors within these areas. Hence, these areas can be regarded as critical sensitive areas for
targeting observation. In this section, we investigate the CNOPs of mesoscale eddies in the context of SSHA
forecasting at several representative latitudes and identify the sensitive areas that warrant particular attention for
targeted observations.

It is essential to note, as mentioned in the introduction, that latitudinal variations in ocean dynamics are primarily
represented through the latitude dependence of the Coriolis parameter and its meridional gradient (i.e., the
planetary β‐effect). Here, we investigate CNOPs under several prescribed values of the nondimensional
parameter kb in the QGmodel, which represents the planetary β‐effect, with each value corresponding to a specific
latitude regime (see Section 2.1). By conducting CNOP calculations for multiple kb settings, we aim to facilitate
systematic comparisons and to gain deeper insight into the sensitivity characteristics of mesoscale eddies at
different latitudes. Specifically, based on the derivation in Section 2.1, in high‐latitude regions (θ > 60°, θ
signifies the latitude), kb < 0.114; in mid‐latitude regions (30° < θ < 60°), 0.114 < kb < 3.168; and in low‐
latitude regions (θ < 30°), kb > 3.168. Accordingly, six values of kb (0, 0.1, 1, 2, 5 and 10) are considered in
this section, corresponding to nondimensional estimates derived from realistic planetary β parameters. Note that
kb = 0 corresponds to the f‐plane approximation and may be regarded as an idealized extreme high‐latitude
condition. A value of kb = 0.1 represents high‐latitude conditions, kb = 1 or kb = 2 corresponds to mid‐
latitude conditions, and kb = 5 or kb = 10 characterizes low‐latitude conditions.

Before calculating the CNOPs, we first integrated the QG model to time T0 with kb = 0 to obtain a flow field rich
in mesoscale eddies. The integration was initialized from a (ψ1,ψ2) matrix composed of random numbers drawn
from a normal distribution N(0, 1). Using this eddy‐rich flow field at time T0 as the initial condition, mesoscale
eddies were identified with a simplified SSHA‐based identification method (Weiss & Grooms, 2017), and CNOP
calculations were subsequently performed under multiple kb settings. This experimental design ensures that
CNOP fields are computed for identical initial vortices while only varying kb, thereby effectively controlling other
factors and enabling a direct comparison across different latitude regimes. Notably, the mean nondimensional
eddy radius at time T0 was approximately 5 grid points. According to the spatial grid configuration in Section 2.1,
this corresponds to a dimensional radius of approximately 78.5 km at 30°latitude and 19.6 km at 60° latitude.
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Specifically, for kb = 10, which corresponds to about 15°latitude, the nondimensional eddy radius translates to a
dimensional radius of about 128 km, given that the corresponding deformation radius is approximately 65 km. In
addition, we also compiled statistics of the mean eddy radius at time T1, which are largely consistent with those at
T0. Overall, the dimensional mean eddy radius in the model decreases with increasing latitude and is consistent
with the characteristic spatial scales of real mesoscale eddies, ranging from tens to several hundred kilometers.
Furthermore, starting from the initial condition at T0, the model was independently integrated under six kb settings
(0, 0.1, 1, 2, 5, and 10) to examine eddy propagation speeds under different dynamical conditions. The results
indicate that, for the same eddy identified at T0, the propagation speed increases with increasing kb. Using a
dimensional velocity scale of 1 cm/s, the majority of identified eddies exhibited propagation speeds below
25 cm/s, consistent with realistic oceanic observations. Only a few isolated cases display markedly higher
propagation speeds under kb = 5 and 10, occasionally exceeding 50 cm/s. Although mesoscale eddies are known
to propagate relatively fast at low latitudes, these exceptionally fast‐moving features, despite having spatial scales
comparable to those of mesoscale eddies, propagate at speeds that substantially exceed those expected for freely
propagating mesoscale eddies governed by the β‐effect. Such features are therefore more appropriately inter-
preted as eddy‐like structures or eddy‐wave hybrid features, rather than classical mesoscale eddies. To ensure a
conservative and robust selection, only vortices with dimensional propagation speeds below 25 cm/s are classified
as mesoscale eddies and retained for the experiments in this study.

For the identified mesoscale eddies, six sets of CNOP experiments were conducted for each, corresponding to the
six prescribed values of kb listed above. Specifically, in each experiment, the streamfunction (ψ1,ψ2) at time T0
was taken as the initial condition, and the model was integrated forward to time T1 (T1 > T0) using the prescribed
kb value. The resulting evolution of SSHA from T0 to T1 was regarded as the reference state for prediction. The
time interval between T0 and T1 was set to 1 week (i.e., 7 days), consistent with Jiang et al. (2022), corresponding
to the 350th week of the model integration. The SSHA perturbation was imposed on the identified initial eddy,
and the SSHA forecast was defined within a rectangular domain encompassing the identified initial eddy and its
subsequent position after the 7‐day evolution. Based on the CNOP framework, the most sensitive initial per-
turbations of SSHA forecasts with a lead time of 7 days were then obtained under each prescribed kb setting of the
QG model. In total, these CNOP experiments were performed for 25 predetermined eddies in the initial field,
yielding 150 CNOP error patterns.

Analysis of the experimental results shows that the locations of dominant CNOP errors within a vortex may vary
with the value of kb, while generally remaining confined to regions characterized by high‐to low‐velocity gra-
dients along the eddy rotation, especially for eddies containing more than one such gradient region. To be more
specific, when such eddies are located at high latitudes, corresponding to experiments conducted with kb = 0 or
0.1, the CNOPs tend to concentrate in the region with the most pronounced high‐to low‐velocity gradient within
the eddy and display a shear structure, in agreement with the results of Jiang et al. (2022). However, for eddies at
low latitudes, corresponding to experiments with kb = 5 or 10, CNOPs are increasingly likely to occur in regions
where high‐to low‐velocity gradients coincide with an eastward velocity component, even if the gradient itself is
relatively weak. This result suggests that, under low‐latitude conditions, the zonal velocity direction within the
high‐to low‐velocity gradient region becomes an additional key factor in determining the locations of large
CNOPs, rather than the magnitude of the velocity gradient alone. For eddies at mid latitudes, large CNOP values
may occur in both types of regions. A representative example is shown in Figure 1, where the eddy contains two
regions of high‐to low‐velocity gradients. When kb = 0 or kb = 0.1, the CNOPs predominantly occur in area “A,”
which is characterized by a stronger high‐to low‐velocity gradient. When kb = 1 or kb = 2, corresponding to “mid‐
latitude” conditions, the CNOPs appear not only in area “A” but also in area “B.” Although area “B” exhibits a
relatively weaker velocity gradient, it features an eastward velocity component (u > 0). When kb = 5 or kb = 10,
representing low‐latitude conditions, the CNOPs primarily concentrate in area “B” rather than area “A.” By
comparison, for eddies characterized by a single high‐to low‐velocity gradient region, as illustrated in Figure 2,
the calculated CNOPs consistently concentrate within that gradient region and exhibit a shear structure, regardless
of the kb setting used in the experiments.

The regions exhibiting significant perturbation energies within the CNOP patterns indicate the sensitive areas for
target observation. The analyses above reveal that the spatial characteristics of the sensitive areas may differ
among eddies located in different latitudinal bands, although these areas are generally situated in regions char-
acterized by clear velocity gradients along the eddy's rotational direction. For eddies at high latitudes, the sensitive
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areas determined by CNOPs are confined to regions with the strongest high‐to low‐velocity gradients along the
eddy rotation. In contrast, for low‐latitude eddies, sensitive areas are increasingly likely to occur in regions where
a (relatively weaker) high‐to low‐velocity gradient coincides with an eastward velocity component. In this
context, it is essential to highlight that, beyond the presence of a high‐to low‐velocity gradient, the eastward
velocity component (u > 0) within such a gradient region becomes a key criterion for identifying the most
sensitive area for SSHA forecasting, especially for low‐latitude mesoscale eddies featuring more than one ve-
locity gradient region. As for mid‐latitude eddies, sensitive areas of both types may be important for targeted
observation.

Figure 1. A representative eddy featuring two high‐to low‐velocity gradient regions, as illustrated by the initial velocity field in (a) (shaded). Panels (b–g) show the
corresponding conditional nonlinear optimal perturbation fields (shaded) calculated under different values of k_b, namely 0, 0.1, 1, 2, 5, and 10, respectively. Black
“⨀” marks the initial centers of eddies, and black arrows represent the velocity vectors. Red contours depict the initial sea surface height anomaly field, with bold
contours delineating the vortex edges. The black quadrilaterals in (a) mark the regions where high‐to low‐velocity gradients are observed. Taking the CNOPs in (b) and
(f) as examples, their evolution during the optimization period is shown in Figure 3.

Figure 2. A representative eddy featuring a single high‐to low‐velocity gradient region, as illustrated by the initial velocity field in (a) (shaded). Panels (b–g) show the
corresponding conditional nonlinear optimal perturbation fields (shaded) calculated under different values of kb, namely 0, 0.1, 1, 2, 5, and 10, respectively. Black “⨀”
marks the initial centers of eddies, and black arrows represent the velocity vectors. Red contours depict the initial sea surface height anomaly field, with bold contours
delineating the vortex edges. The black quadrilateral in panel (a) marks the region where high‐to low‐velocity gradient is observed.
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Note that among the 25 predetermined eddies, 16 exhibit behavior consistent with that shown in Figure 1, while
the other five are consistent with Figure 2. Among the remaining four eddies, although multiple high‐to low‐
velocity gradient regions exist within the eddy, a sufficiently large disparity in gradient strength causes the
CNOPs to remain concentrated within the strongest gradient region regardless of the setting of kb. This suggests
that, while the presence of an eastward velocity component within a gradient region is a key criterion for
determining the most sensitive areas of mesoscale eddies in SSHA forecasting, it is not a decisive factor. When
the strongest high‐to low‐velocity gradient region within an eddy is overwhelmingly dominant, the sensitive area
may still remain within that region regardless of where the vortex is located.

In summary, the CNOP experiments reveal potential differences in the spatial characteristics of sensitive areas for
mesoscale eddies at high, middle and low latitudinal bands. These results highlight that the sensitive areas
identified by Jiang et al. (2022) are not universally applicable to all eddies. When conducting targeted obser-
vations of mesoscale eddies, the optimal deployment of observational assets may also need to consider the eddy's
latitudinal position. Notably, we identified a type of sensitive area characterized by relatively weak high‐to low‐
velocity gradients coexisting with eastward velocity components within the vortex, particularly for eddies at mid
and low latitudes. This type of sensitive area has not been reported in previous studies. Furthermore, we tested an
optimization period of 10 days and found that the experimental results were almost unaffected, which strengthens
the robustness of the above conclusions. Then, what is the feasibility of using such sensitive areas for targeted
SSHA observations, especially at different latitudes? This issue will be addressed through numerical experiments
in the next section.

4. Observing System Simulation Experiments to Assess the Effectiveness of
Latitudinally Dependent Sensitive Areas
The objective of target observation is to provide the most valuable additional observations to refine the precision
of the initial conditions in the numerical model, thereby significantly enhancing the forecasting accuracy of
concern. The numerical validation of the target observation is confirmed when the improvement gained from
assimilating additional observations in sensitive areas significantly exceeds that in other regions. Therefore, in
this section, we conducted observing system simulation experiments (OSSEs; Hoffman & Atlas, 2016) to
evaluate the effectiveness of the sensitive areas at different latitudinal bands in SSHA forecasting. Below, we use
the vortex shown in Figure 1, which illustrates different sensitive areas under varying kb values and reveals a type
of sensitive area not identified in previous studies, to conduct the OSSEs and analyze the results. For clarity, area

Figure 3. CNOP‐triggered forecast errors (shaded) for the eddy shown in Figure 1a are plotted in (a) at time (1/4) (T1 − T0), (b) at time (1/2) (T1 − T0), (c) at time
(3/4) (T1 − T0), and (d) at time T1, where [T0, T1] denotes the optimization period. (1, 2) correspond to the scenarios with kb = 0 and kb = 5, respectively. The red
contours indicate the edge of the initial eddy, and the black “⨀” marks the center of the initial eddy.
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“A” in Figure 1, identified as the sensitive area when kb = 0 or 0.1, is hereafter referred to as the “f‐sensitive area.”
The area “B,” identified as the sensitive area when kb = 5 or 10, is referred to as the “β‐sensitive area.”

Considering the six distinct kb (0, 0.1, 1, 2, 5, 10) values outlined in the previous section, each corresponding to a
specific latitude, we designed six corresponding sets of OSSEs in this section. These experiments were sys-
tematically conducted under the respective kb settings within the QG model framework. To illustrate the
experimental design, we focus on the OSSE conducted with the kb = 0 as a representative example and provide a
detailed description of its setup and procedures. First, the QGmodel was integrated from T0 to T1 with the kb = 0,
and the resulting reference state during this period was taken as the “true state,” that is, the “Nature Run.”
Synthetic observations were then generated by adding small errors to the Nature Run at specified observation
points. Next, we overlaid white noise with large amplitudes onto the Nature Run at time T0, followed by
smoothing this field using the Lanczos filtering. Utilizing the smoothed field as the initial condition, we integrated
the model with the kb setting to 0 until time T1, producing the “Control Run,” which serves as the control forecast
for the Nature Run. To obtain reliable and robust results, 100 Control Runs were generated randomly here.
Following that, we assimilated synthetic observations into the initial fields of the Control Runs, resulting in the
revised initial fields. With the updated initial conditions, we proceeded to re‐integrate the model with the kb
setting to 0 until time T1 to produce new SSHA forecasts, referred to as the “Assimilation Runs.” In these
Assimilation Runs, the assimilation strategies were specifically designed for the β‐sensitive area and f‐sensitive
area, respectively. In each sensitive area, 2‐, 3‐, and 4‐point observations were randomly deployed and assimi-
lated, and 40 sets of each observation configuration were generated to further ensure reliability. Optimal inter-
polation (see Appendix D in Jiang et al. (2022)) was then employed to assimilate the observations.

The five additional sets of OSSEs were conducted following the same procedures as the one described above for
kb = 0, with the only difference being the specific kb values used, which were successively set to 0.1, 1, 2, 5, and
10. To quantify the improvement in the forecast after assimilation, we define the benefit b as follows:

b = [(dF1 − dF2)/dF1] × 100% (7)

where dF1 and dF2 respectively denote the forecast errors of the Control Run and the Assimilation Run relative to
the Nature Run.

Then, we calculated the benefits b of assimilation within the β‐sensitive area and f‐sensitive area for different
OSSEs, as depicted in Figure 4. The results demonstrated that, irrespective of whether 2‐point, 3‐point, or 4‐point
assimilation strategies are employed, as the value of kb increases, the assimilation benefits b in the f‐sensitive area
gradually decrease. In contrast, the benefits b in the β‐sensitive area increase, although they begin to decline once
kb exceeds 5. Specifically, when kb is small, especially kb = 0 or kb = 0.1, signifying a scenario like the f‐plane
approximation or high‐latitude regions, the benefits b obtained from assimilating observations within the
f‐sensitive area surpass those from the β‐sensitive area. However, when kb = 5 or kb = 10, corresponding to low
latitudes, the benefits b gained from assimilating observations in the β‐sensitive area clearly outperforms those in
the f‐sensitive area. Note that at specific locations in the mid latitudes, the benefits b derived from both sensitive
areas converge and become consistent.

Based on the above analysis, the OSSE results indicate that, from high to low latitudes, the effectiveness of the
f‐sensitive area associated with mesoscale eddies gradually weakens, while the advantages of the β‐sensitive area
become increasingly pronounced. When an eddy is located at high latitudes, assimilating observations within the
f‐sensitive area significantly enhances SSHA forecasting. In contrast, when the eddy is situated in low‐latitude
regions, it is increasingly likely that prioritizing the assimilation of observations within the β‐sensitive area
would be more effective. In mid‐latitude regions, assimilating observations in both the f‐sensitive area and β‐
sensitive area may be essential for improving SSHA forecasting skill. Similar OSSEs conducted for other eddies
yield consistent results, further confirming the latitude dependence of the sensitive areas associated with
mesoscale eddies. These findings underscore the effectiveness of the β‐sensitive area in mid‐ and low‐latitude
regions, which has not been identified previously. Overall, these results provide valuable guidance for the
optimal allocation of target observation, highlighting the critical role of latitude in selecting targeted observation
sites for mesoscale eddies and thereby enabling more efficient improvements in SSHA forecasting.
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Furthermore, how can the latitude dependence of mesoscale eddy sensitive
areas be explained from a theoretical perspective? This question is addressed
in the next section.

5. Interpretation
In this section, we further explain the latitude dependence of the sensitive
areas in SSHA forecasting, with particular emphasis on the emergence of β‐
sensitive area at lower latitudes, which has not been identified previously.
Indeed, the sensitive areas are identified based on the significant value of the
calculated CNOPs, so the central question revolves around comprehending
why the calculated CNOPs may vary with different kb value. Now, we take
the vortex shown in Figure 1 as an example, focusing on the case with kb = 5
(low‐latitude) and comparing it with the kb = 0 case (extreme high‐latitude) to
gain insight into this issue. To elucidate the underlying mechanism, we
employ an eddy‐energy analysis following Tsujino et al. (2006).

The calculation of eddy energies typically involves decomposing an instan-
taneous flow into mean flow and eddy fluctuation components. The mean

flow is usually obtained from the time‐average of the instantaneous field, and eddy fluctuation is delineated as the
instantaneous field minus the mean field. Regarding horizontal flow, it is widely recognized that the evolution of
eddy fluctuation is predominantly driven by the barotropic instability of the mean flow, which fosters the transfer
of kinetic energy to support the amplification of eddy fluctuations. To measure the transfer of kinetic energy from
the mean flow to the eddy fluctuation triggered by barotropic instability, the barotropic conversion rate (BT) is
deduced from the tendency equation of eddy kinetic energy (EKE) under the quasigeostrophic assumption.

∂EKE
∂t

= − ρ0(uʹuʹ∂u
∂x

+ uʹvʹ (∂u
∂y

+
∂v
∂x

) + vʹvʹ∂v
∂y

) + residue, (8)

where u and uʹ represent the zonal velocities of the mean flow and the eddy fluctuation field, v and vʹ denote the
meridional velocities of the mean flow and the eddy fluctuation field, respectively; and

BT = − ρ0(uʹuʹ∂u
∂x

+ uʹvʹ (∂u
∂y

+
∂v
∂x

) + vʹvʹ∂v
∂y

). (9)

Clearly, a positive BT indicates that EKE is being transferred from the mean flow to the eddy fluctuations.

It's known that specific physical problems may involve different definitions of mean flow or eddy fluctuations.
Nevertheless, the BT can still function as an indicator of barotropic instability (Fujii et al., 2008). In the context of
the specific issue at hand, the predicted reference state, confined to the regions within rectangles that encompass
both the initial and final locations of individual eddies, is regarded as the mean flow. The CNOPs and their
evolutions are perceived as eddy fluctuations. Then, using the reference state from T0 to T1 obtained with the
kb = 5 setting in the QG model, we calculated the BT of the β‐CNOP (CNOP calculated with the kb = 5 setting as
shown in Figure 1f) and f‐CNOP (CNOP calculated with the kb = 0 setting as shown in Figure 1b) over the
optimization time by applying Equation 9, respectively.

It is found that, during the optimization time from T0 to T1, positive BT emerges in areas characterized by
significant CNOPs and their evolutions, regardless of whether it is related to β‐CNOP or f‐CNOP, as depicted in
Figure 5. Furthermore, at the initial time, the positive BT induced by the f‐CNOP appears to be larger than that
induced by the β‐CNOP. However, during the optimization period, the positive BT induced by the β‐CNOP
undergoes greater development than that induced by the f‐CNOP. As time progresses beyond the initial phase, the
positive BT generated by the evolution of the β‐CNOP becomes increasingly evident compared to that driven by
the evolution of the f‐CNOP, particularly during the mid to later stages of the optimization time. Notably, the
superiority of the positive BT triggered by the β‐CNOP compared to the f‐CNOPin the mid to later stages
significantly surpasses the advantage of the positive BT triggered by the f‐CNOP compared to the β‐CNOP at the
initial time. This implies that, under the kb = 5 condition of the model, more energy can be transferred from the

Figure 4. The mean benefits b obtained from assimilating 40 sets of 2‐, 3‐,
and 4‐grid observations in the β‐sensitive and f‐sensitive areas across 100
control forecasts. Red lines denote results obtained by assimilating observations
in the β‐sensitive area, while blue lines denote those obtained in the f‐sensitive
area. Dotted, dashed, and solid lines represent assimilations using two‐, three‐,
and four‐point observations, respectively.
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mesoscale eddies to β‐CNOP type errors than to f‐CNOP type errors throughout the entire optimization period. It's
noteworthy that, besides their locations, both β‐CNOP and f‐CNOP exhibit identical structural characteristics,
specifically a shear structure of the SSHA. That is, when this eddy is located at low latitudes, during the opti-
mization time, initial errors manifesting a shear structure in the β‐sensitive area, rather than the f‐sensitive area,
are more prone to extracting energy from the eddy due to barotropic instability and undergo substantial growth.
This, in turn, has a crucial impact on the prediction of SSHA. In fact, the shear structure of CNOP‐type errors has
been interpreted in Jiang et al. (2022), which is more conducive to generating a large positive BT. Therefore, we
need to pay more attention to the positional characteristics of the β‐sensitive area and the f‐sensitive area to
understand the reasons for the aforementioned differences in BT induced by β‐CNOP and f‐CNOP.

Analyzing the positional characteristics of the β‐sensitive area and the f‐sensitive area, we find that they are
closely related to the velocity fields, no matter the high‐to low‐velocity gradient in the β‐and f‐sensitive area or the
eastward velocity component within the β‐sensitive area. Hence, we visualized the velocity fields of the reference
state obtained under the specified kb = 5 setting in the QG model throughout the optimization period, which was
used in Section 3 to calculate the CNOPs that identify the β‐sensitive area. As shown in Figures 6a1–6d1, a
notable reduction in the high‐to low‐velocity gradient within the f‐sensitive area is observed over the optimization
period. In contrast, the high‐to low‐velocity gradient in the β‐sensitive area gradually becomes more pronounced
and surpasses that in the f‐sensitive area. This contrast is particularly evident when compared with the kb = 0

condition shown in Figures 6a2–6d2. Referring to the equation BT = − Vʹ 2
(V +Vʹ) · ∂V

∂t derived in a natural co-

ordinate system in Jiang et al. (2022), the high‐to low‐velocity gradient along the eddy rotation (∂V∂t < 0) stim-
ulates a positive BT between the reference state and initial errors. V represents the velocity of the mean flow
(which serves as the reference state for prediction), while Vʹ denotes the velocity of the eddy fluctuation field
(corresponding to the CNOPs and their subsequent evolution). Consequently, as time progresses, the initial errors
within the β‐sensitive area, combined with the increasing density of the high‐to low‐velocity gradient from T0 to
T1, result in a larger positive BT compared to the f‐sensitive area, where the velocity gradient becomes weaker.

Indeed, under the specified kb = 5 setting in the QG model, the gradual densification of the high‐to low‐velocity
gradient within the β‐sensitive area can be attributed to the presence of an eastward velocity component (u > 0).
The meridional derivative of the Coriolis parameter, β = 2Ω cos θ/a, is more pronounced at lower latitudes,
where Ω denotes the angular velocity of the Earth's rotation, θ signifies the latitude, and a is the radius of the
Earth. In practice, mesoscale eddies at lower latitudes tend to exhibit a stronger westward movement, owing to the
enhanced influence of the planetary β‐effect (Chelton et al., 2007; Nof, 1981; S. Yang et al., 2020) (see Figure 7).
In contrast, the eastward velocity component (u > 0) in β‐sensitive area counteracts the westward movement of

Figure 5. The evolution of the BT within the optimization time [T0, T1] for the eddy shown in Figure 1a. Panels (a–d) correspond to the time T0, (1/3) (T1 − T0), (2/3)
(T1 − T0), and T1, respectively. (1, 2) correspond to the BT resulting from β‐CNOP and f‐CNOP, respectively. The white contours delineate the edge of the initial eddy.
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the vortex accelerated by the planetary β‐effect. As a result, the opposition between the eastward velocity
component and the westward movement intensifies at lower latitudes, leading to a greater accumulation of water
mass in the β‐sensitive area and a more pronounced high‐to low‐velocity gradient here. From this perspective, we
can also explain why, in cases where the intensity difference between high‐to low‐velocity gradient regions within
the eddy is particularly pronounced, the CNOPs consistently concentrate within the strongest gradient region,
regardless of the value of kb in the QGmodel, as discussed in Section 3. This occurs because, in such cases, even if
an eastward velocity component exists in the weaker gradient region, the encrypted velocity gradient caused by it
during the optimization period is still less pronounced than the gradient in the strongest gradient region. As a

Figure 6. The evolution of the velocity (shaded) within the optimization time [T0, T1] of the eddy shown in Figure 1a. (a, b, c, d) correspond to the time T0, (1/3)
(T1 − T0), (2/3) (T1 − T0), and T1, respectively. (1, 2) correspond to the situation in the kb = 5 and kb = 0 settings of the QG model, respectively, and their
comparison offers a clearer insight into the issue. The white contours delineate the edge of the initial eddy.

Figure 7. The evolution of the sea surface height anomaly (shaded) within the optimization time [T0, T1] of the eddy shown in Figure 1a. Panels (a–d) correspond to the
time T0, (1/3) (T1 − T0), (2/3) (T1 − T0), and T1, respectively. (1, 2) correspond to the situation in the kb = 5 and kb = 0 settings of the QG model, respectively, and
their comparison offers a clearer insight into the issue.
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result, the positive BT in the weaker gradient region is smaller than in the strongest gradient region, and the
eastward velocity no longer serves as a determining factor in identifying the most sensitive area.

Additionally, from the OSSEs in Section 4, we note that the benefit of assimilation in the β‐sensitive area under
the specified kb = 10 setting is less than that under the specified kb = 5 setting (see Figure 4). This can be
attributed to the faster westward movement of the vortex driven by the stronger β‐effect under the kb = 10 setting,
which corresponds to a lower latitude than the situation within the kb = 5 setting. In this case, the eastward
velocity component (u > 0) in the β‐sensitive area is insufficient to counteract the stronger westward tendency of
the vortex induced by the stronger β‐effect toward the end of the optimization period (see Figure 8). As a result,
the accumulated high‐to low‐velocity gradient structure in the β‐sensitive area, which is beneficial for generating
large positive BT, is partially disrupted, particularly toward the later stages of the optimization period. Conse-
quently, the development of initial errors in the β‐sensitive area is less pronounced in this situation within the
kb = 10 setting, and the preferential assimilation of observations in the β‐sensitive area is less effective than under
the specified kb = 5 setting in the model. Nevertheless, this does not negate the fact that the β‐sensitive area
remains significantly more effective than the f‐sensitive area in this context, as shown in Figure 4.

6. Summary and Discussion
In the present study, we investigate the sensitive areas for targeted observations of mesoscale eddies relevant to
SSHA forecasting and reveal their pronounced latitude dependence. Using the CNOP approach, the most sen-
sitive initial perturbations relevant to SSHA forecasting were first calculated for mesoscale eddies under different
values of the parameter kb in a two‐layer QG model, representing different latitudinal settings. The resulting
CNOPs sometimes exhibit variations in their spatial characteristics across different kb regimes. Based on the high‐
value regions of the CNOPs, which indicate strong sensitivity to initial errors in SSHA forecasts, the sensitive
areas of mesoscale eddies were identified. The results show that the location characteristics of sensitive areas may
vary with latitude. For eddies in high‐latitude bands (latitude > 60°), the sensitive areas are typically located
where the high‐to low‐velocity gradients within the mesoscale eddies are most pronounced. However, for eddies
in low‐latitude bands (latitude < 30°), the sensitive areas tend to occur in regions where (relatively weaker) high‐
to low‐velocity gradient coexist with an eastward zonal flow. In other words, for low‐latitude eddies, in addition
to the magnitude of the high‐to low‐velocity gradients, the direction of the zonal velocity within the gradient
region also plays an important—though not decisive ‐ role in determining the sensitive areas for SSHA fore-
casting. For eddies in mid‐latitude bands (30° < latitude < 60°), both types of sensitive areas may contribute
significantly to improving SSHA forecasts.

Subsequently, OSSEs were conducted to evaluate the effectiveness of the sensitive areas identified for mesoscale
eddies at different latitudes. The results demonstrate that prioritizing data assimilation within these latitude‐
dependent sensitive areas significantly improves the skill of SSHA forecasts. In particular, this study high-
lights the effectiveness of sensitive areas characterized by relatively weaker high‐to low‐velocity gradient
coexisting with an eastward zonal velocity component, especially for eddies located in mid‐ and low‐latitude
bands, which has not been identified in previous studies. These results provide valuable insights into the
optimal allocation of target observations for mesoscale eddies, emphasizing the importance of considering the

Figure 8. The evolution of the velocity (shaded) within the optimization time [T0, T1] of the eddy shown in Figure 1a, corresponding to the situation in the kb = 10
setting of the QG model. Panels (a–d) correspond to the time T0, (1/3) (T1 − T0), (2/3) (T1 − T0), and T1, respectively. The white contours delineate the edge of the
initial eddy.
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latitude of mesoscale eddies when designing observation or assimilation strategies, ultimately contributing to
more efficient improvements in SSHA forecasting.

Finally, from a dynamical perspective, the latitude dependence of sensitive areas in mesoscale eddies can be
physically interpreted in terms of barotropic instability associated with the planetary β‐effect. Mesoscale eddies at
different latitudes are influenced by the β‐effect to varying degrees. Accordingly, for eddies at high latitudes,
which are less affected by the planetary β‐effect, regions exhibiting the strongest high‐to low‐velocity gradients
within the initial eddies sustain the largest barotropic energy conversion rates, leading to the fastest growth of
initial errors and thus playing a dominant role in SSHA forecasting. In contrast, at low latitudes, regions within the
initial eddies that contain (relatively weaker) high‐to low‐velocity gradients coexisting with an eastward zonal
velocity component are more likely to generate larger barotropic energy conversion rates during the optimization
period due to local water accumulation influenced by the planetary β‐effect, thereby promoting error growth
through barotropic instability. Consequently, for low‐latitude eddies, prioritizing the assimilation of observations
within sensitive areas characterized by (relatively weaker) high‐to low‐velocity gradients coexisting with an
eastward zonal flow is likely to be more effective.

It is worth noting that, to facilitate comparison with previous studies, the present work is confined to a two‐layer
QG framework, with particular emphasis on surface flow. The effectiveness and robustness of the latitude‐
dependent sensitive areas require further validation with real ocean data under realistic conditions in future
work. In addition, real ocean dynamics involve substantially greater complexity than that represented in the
present model. Mesoscale eddies often possess three‐dimensional structures, and subsurface mesoscale eddies
have also been observed. In such a context, sensitive areas may be further influenced by dynamical processes such
as baroclinic instability, submesoscale motions, and wind forcing, as well as broader background environmental
variability (Ding et al., 2023; Liao et al., 2019; Tian et al., 2025; X. Wang et al., 2022; Zhong et al., 2026). A more
holistic consideration of these processes is expected to yield a more comprehensive understanding of the sensitive
areas associated with mesoscale eddies, with implications not only for SSHA forecasting but also for other
oceanic variables, and offering valuable guidance for internal observations, such as Argo buoy deployments. It
should be noted that solving CNOPs for complex realistic models remains computationally expensive. In the
present study, a single CNOP computation typically requires several days, and the cost may increase substantially
with higher model dimensionality and complexity. For practical applications, more efficient algorithms are
therefore required, particularly for gradient computation and CNOP estimation. In this regard, several realistic
models already possess well‐developed adjoint systems that can be directly used for this purpose, such as the
Regional Ocean Modeling System. In addition, a variety of intelligent optimization algorithms, such as particle
swarm optimization and genetic algorithms, have been developed to tackle high‐dimensional optimization
problems. Since these methods do not explicitly require gradient information, they provide alternative approaches
for CNOP computations across models of varying complexity. Furthermore, artificial intelligence is currently
developing rapidly. AI‐based weather forecasting models have emerged internationally, such as FuXi and PanGu,
which have demonstrated strong capability in forecasting high‐impact weather events. Li et al. (2025) showed that
integrating the CNOPmethod into the FuXi model can significantly improve tropical cyclone track forecasts, with
CNOPs directly computed using the automatic differentiation algorithm embedded in the FuXi model. If AI
models capable of adequately representing mesoscale ocean eddy evolution are developed, CNOP methods could
be further incorporated into such frameworks to enable more efficient identification of eddy‐sensitive areas.
Ultimately, CNOP analysis is expected to become increasingly applicable to realistic ocean prediction systems.
The overarching goal is to design an optimal observation network for mesoscale eddies and substantially enhance
the accuracy of ocean state forecasts.
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and/or analyzed during the study, together with the configurations of the QG code, can be accessed in Jiang
et al. (2026) at https://doi.org/10.5281/zenodo.18468805.
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