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Abstract The Surface Water and Ocean Topography (SWOT) mission provides a good opportunity to study
fine-scale processes in the global ocean but whether it can detect balanced submesoscale eddies is uncertain due
to the “contamination” by unbalanced inertial gravity waves. Here, based on concurrent observations from
SWOT and a mooring array in the northwestern Pacific, we successfully captured two submesoscale cyclonic
eddies with negative sea level anomalies (SLAs) in spring 2023. We find that the SLA amplitude and equivalent
radius of the first (second) eddy are 2.5 cm and 16.0 km (2.0 cm and 18.8 km), respectively. For both eddies,
their vertical scales are around 150 m and their horizontal velocities and Rossby numbers exceed 15.0 cm/s and
0.4, respectively. Further analysis suggests that similar submesoscale eddies can commonly occur in the
northwestern Pacific and that SWOT is capable to detect larger submesoscale eddies with scales greater than
~10 km.

Plain Language Summary The Surface Water and Ocean Topography (SWOT) mission measures
sea surface heights with a spatial resolution an order of magnitude higher than the prior nadir altimetry missions.
However, whether SWOT can detect oceanic submesoscale eddies that play key roles in oceanic energy cycle
and vertical material transports, is uncertain. To investigate this issue, we deployed a mooring array beneath a
SWOT orbital swath in the northwestern Pacific. Based on the concurrent SWOT and mooring data, we
successfully captured two submesoscale cyclonic eddies in spring 2023. Radii of the submesoscale eddies are
found to be between 10 and 20 km and their horizontal velocities exceed 15.0 cm/s. The ratio between their
vertical relative vorticity and the planetary vorticity exceeds 0.4. Further analysis suggests that similar
submesoscale eddies can commonly occur in the northwestern Pacific. This study demonstrates the capability of
SWOT to detect submesoscale eddies in the global ocean.

1. Introduction

Submesoscale processes (submesoscales) are a class of oceanic motions that have spatial and temporal scales of O
(0.1-10) km and 0(0.1-10) days in middle latitudes, respectively (McWilliams, 2016; Thomas et al., 2008; Z.
Zhang, 2024). Dynamically, submesoscales have the intermediate length scales between quasi-geostrophic
mesoscale eddies and ageostrophic microscale turbulence; their momentum balance is governed by the combi-
nation of geostrophy and nonlinearity and they can induce large vertical velocities (Taylor & Thompson, 2023).
Due to these dynamic natures, submesoscales play key roles in both oceanic energy cascade and vertical material/
tracer transports (Capet et al., 2008; D’ Asaro et al., 2011; Su et al., 2018; Yu et al., 2019; Z. Zhang et al., 2021;
Qiu et al., 2022). As a result, they may significantly modulate the larger-scale oceanic dynamics, biogeochemical
processes, and air-sea interactions (Guo et al., 2024; Mahadevan, 2016; Sasaki et al., 2014; Siegelman
et al., 2020; Z. Zhang, 2024; Z. Zhang et al., 2023; J. Zhang et al., 2023), which make it a hot research topic in
oceanography.

Existing studies on submesoscales are mainly based on geophysical fluid dynamics theories, submesoscale
permitting simulations, and fragmental high-resolution remote sensing and in situ observations. Global obser-
vations targeted specifically on submesoscales are still lacking. Global sea surface height (SSH) measurements
from nadir-looking satellite altimeters such as TOPEX/Poseidon, Jason, and Sentinel have significantly improved
our knowledge of mesoscale eddies that have horizontal scale of O(100-500) km and account for the majority of
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Figure 1. (a) Dynamic background and SWOT tracks in the study region. Purple dashed lines and gray shadings denote nadir
track and wide swaths of SWOT during the CalVal period, respectively. Color shading denotes the root-mean-squared
mesoscale sea level anomalies (SLA) and white contours are the long-term mean sea surface height, which are obtained from
the DUACS data according to Miao et al. (2023). (b) Zoom in on moored observation region marked by purple rectangle in
(a). Pink dots denote locations of the moorings. (c) Schematic diagram of the configuration of the mooring. Names of the
instruments are marked in the diagram. (d) The designed depths of CTDs (purple dots) and temperature loggers (black dots)
mounted on the mooring MS.

the oceanic kinetic energy (Abdalla et al., 2021; Ferrari & Wunsch, 2009; Fu et al., 2010; Klein et al., 2019).
However, the nadir-looking altimeters can only resolve oceanic processes with horizontal scales larger than
100 km (Chelton et al., 2011; Fu et al., 2010) and thus have missed smaller mesoscale eddies and nearly all
submesoscales (Klein et al., 2019). In order to improve the spatial resolution of SSH measurements and extend the
measurements to submesoscales, the Surface Water and Ocean Topography (SWOT) SAR-interferometry wide-
swath altimeter was designed and successfully launched in December 2022 (Fu et al., 2024). The SWOT measures
the SSH along a 120-km swath that has a 20-km gap in the middle; in the center of the gap, sea level is measured
by a conventional nadir altimeter (Figure 1). In a swath, the SWOT provides two-dimensional level-3 SSH maps
with a 2-km spacing grid (Durand et al., 2010; Fu & Ubelmann, 2014; Morrow et al., 2019; Wang et al., 2019).
The SWOT was placed in the fast calibration and validation (CalVal) orbit with a repeat cycle of ~1 day between
29 March and 11 July 2023. After the CalVal period, it switched to the science orbit with a repeat cycle of 21 days.

With a 2-km horizontal resolution, the level-3 SSH data from SWOT has a potential to detect submesoscales in the
global ocean (Fu et al., 2024). However, the SWOT-measured SSH data not only contain signals of balanced
mesoscale eddies and submesoscales but also contain contributions by inertial gravity waves (IGWs). Given that
IGWs have spatial scales of O(1-100) km and periods shorter than a couple of days, their SSH signals behave as
“noises” when exploring submesoscales (e.g., Qiu et al., 2017, 2018; Torres et al., 2018). Though most coherent
internal tides (ITs) can be removed (e.g., Dushaw et al., 2011; Ray & Zaron, 2011; Zaron, 2015, 2017, 2019), the
sea level anomalies (SLAs) resulting from incoherent ITs and supertidal IGWs still have root mean square (RMS)
values of several centimeters (e.g., Miao et al., 2021, 2023; Savage et al., 2017). This means that whether the
SWOT data can truly capture submesoscales depends on the relative magnitudes of SSH anomalies of sub-
mesoscales and unremoved incoherent ITs and supertidal IGWs. Therefore, exploring features of submesoscales
using the existing SWOT data is still a challenging task, and the identified candidate submesoscales from SWOT
data need to be confirmed by other independent observations.
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In this study, by combining SSH data from SWOT and traditional nadir-looking altimeters and in situ data from a
mooring array, we observed two submesoscale eddies in the northwestern Pacific Subtropical Countercurrent
(STCC) region where both submesoscales and IGWs are abundant (Miao et al., 2023; Qiu et al., 2014; Z. Zhang
et al., 2021; Zhao, 2014). Furthermore, both surface and subsurface characteristics of these submesoscle eddies
were revealed. The remainder of this paper is organized as follows. Section 2 describes the data we used. Sec-
tions 3 and 4 describe the characteristics of submesoscale eddies based on SWOT data and moored data,
respectively. Summary and discussion of the paper are given in Section 5.

2. Data
2.1. Altimetry Data

During the 1-day repeat CalVal period between 29 March and 11 July 2023, Pass 021 of the SWOT crossed the
subtropical northwestern Pacific (Figure 1). Here, the level-3 2 km X 2 km gridded SSH data (expert version 1.0)
along this Pass were used. In addition to the SWOT data, the level-4 SSH product from Copernicus Marine
Service were also used. It was constructed by the Data Unification and Altimeter Combination System (DUACS)
based on along-track measurements by multi-mission nadir altimeters. Spatial and temporal resolutions of the
DUACS data are 1/4° and one day, respectively (Taburet et al., 2019). Note that both the SWOT and DUACS SSH
data have removed the SLA of coherent ITs using the method in Zaron (2019). In order to have a fair comparison
between the two data sets, the SLAs were computed by subtracting their corresponding time means during the
CalVal period.

2.2. Moored Data

As a part of the Adopt-A-Crossover consortium to support the SWOT CalVal mission, the Ocean University of
China initiated the North West Pacific campaign, and deployed four moorings under the SWOT Pass 021 in the
northwestern Pacific STCC region (Figures 1a and 1b). The moorings were deployed between 27 July 2022 and
26 June 2023, which had a 90-day overlap with the CalVal period. Moorings MS, MW, and MN constitute an
equilateral triangle and mooring MC (at 128.49°E, 21.48°N) is located at the center of this triangle. Distances
from the mooring MC to the other moorings are all 7.5 km. The four moorings were all equipped with an upward-
looking 75 kHz acoustic Doppler current profiler (ADCP; Figure 1c) whose temporal sampling interval and
vertical resolution were set as 30 min and 16 m, respectively. The ADCPs on moorings MS, MW, MN, and MC
measured velocity profiles between 40-425, 40-465, 40-585, and 40-605 m, respectively. In addition, the three
outside moorings (i.e., MS, MW, and MN) were also equipped with temperature/salinity (T/S) chains. Given that
the moorings MW and MN did not have T/S measurements above 80 and 200 m, respectively, only the T/S data
from mooring MS were used. T/S chain of mooring MS consisted of 36 SBE56 temperature loggers and 6 SBE37
Conductivity-Temperature-Depth (CTD) measurements. Vertical resolutions of the temperature measurements
are 10, 20, 50, and 100 m between 40-250, 250—450, 450-750, and 750-950 m, respectively (Figure 1d).
Sampling interval of the temperature measurements is 5 min. More detailed information of the four moorings can
be found in Table S1 of Supporting Information S1.

Processing of the moored data is similar to our previous mooring-based studies (e.g., Miao et al., 2021, 2023; Z.
Zhang et al., 2016, 2021). Specifically, we firstly converted raw velocities and temperatures into hourly data
through time averaging. Then, the hourly data were linearly interpolated onto the uniform 5-m vertical grids. We
removed IGW signals by applying the fourth-order Butterworth lowpass filter to the hourly data with a cutoff
period of 48 hr (the local inertial period is 32.7 hr).

3. Submesoscale Signals Observed by SWOT

Given that the DUACS data fail to capture the submesoscales while the SWOT data can potentially resolve them,
we use the SLA difference (ASLA) between SWOT and DUCAS data to explore the candidate submesoscale
signals in our study region. Through examining the 90-day ASLA maps during the CalVal period, we detected two
cases of submesoscale eddy-like signals near the moorings in mid April and mid May 2023, respectively. For the
first case, the DUACS data clearly shows a mesoscale anticyclonic eddy with positive SLAs in the mooring region
(Figure 2a). The diameter of this anticyclonic eddy is larger than 200 km and its maximum SLA exceeds 16 cm.
With respect to the concurrent SWOT data, it also shows the existence of this mesoscale anticyclonic eddy but the
SLA distribution is much rougher with some fine-scale signals superimposed on it (Figure 2b). These fine-scale
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Figure 2. Maps of SLAs from (a) DUACS product and (b) SWOT level-3 data on 12 April 2023. Gray lines are the SLA
contours with an interval of 1 cm. (c) The difference between (b) and (a). Gaps between two swaths of SWOT were filled
through linear interpolation. Green line denotes the —7 cm contour, which is the outmost closed ASLA contour of the detected
submesoscale cyclone. Purple dots denote mooring locations. (d, e, f) Same as (a, b, ¢) but for results on 16 May 2023. Green
line in (f) denotes the ASLA contour of —4 cm.

signals can be seen more clearly in the distribution of ASLA (Figure 2c). It shows many closed positive and
negative ASLA contours with scales smaller than 50 km, which look like submesoscale eddies with circular and
elliptic shapes. Particularly, negative ASLA contours like a submesoscale cyclonic eddy (SCE) occurred at the
mooring locations in mid April 2023. The largest negative ASLA of this SCE-like structure reaches —9.5 cm
(defined at its center). If we define the outermost closed contour of ASLA surrounding the center as boundary of
the SCE-like structure, its equivalent radius is estimated to be 16.0 km (i.e., radius of the circle that has the same
area). The SLA amplitude of this SCE-like structure defined by the absolute ASLA difference between the center
and boundary is 2.5 cm.

With respect to the second case, the DUACS SLA shows a mesoscale cyclonic eddy (negative SLA values) in mid
May 2023 in the mooring region (Figure 2d). This cyclonic eddy seems to have two centers and its diameter also
exceeds 200 km. Similar to the first case, the SWOT SLA also reveals rich finer-scale structures (Figure 2e).
Although the SWOT SLA is also dominated by negative values, it has localized maximums whose SLA values are
much lower than the DUACS result. The map of ASLA also shows many closed contours of positive and negative
ASLA (Figure 2f). They are superimposed on the mesoscale cyclonic eddy and their scales are also smaller than
50 km. At the mooring locations, there is also a SCE-like structure whose largest negative ASLA is —6.0 cm. The
SLA amplitude and equivalent radius of this SCE-like structure are 2.0 cm and 18.8 km, respectively.

The above comparisons between the SWOT and DUACS SLAs suggest that the SWOT observations can capture
submesoscales-like signals with spatial scales smaller than 50 km that are missing in the traditional nadir-looking
altimeter data. To further examine these submesoscales-like signals, we compare the time series of SWOT and
DUACS SLAs in Figure 3a. Here, both the SLA time series are interpolated onto the mooring site MS where we
have concurrent moored velocity and temperature data. The two time series are overall consistent with each other
on the mesoscale time scale (longer than ~16 days) and their correlation coefficient () during the CalVal period is
0.96. For example, they both revealed prominent positive SLAs of a mesoscale anticyclonic eddy and negative
SLAs of a mesoscale cyclonic eddy as shown in Figure 2. Different from the smooth DUACS SLA, however, the
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Figure 3. (a) Time series of SLAs from DUACS product (blue line) and SWOT level-3 data (gray dotted line) at the mooring
MS. Correlation coefficient of the two time series is marked. White circles denote missing data filled using linear
interpolation. Purple shadings mark the periods of the two submesoscale cyclonic eddy-like signals. Black circles mark the
2 days shown in Figure 2. (b) Difference between the SWOT and DUACS-derived SLA time series in (a).

SWOT SLA shows many submesoscales-like signals with amplitudes smaller than 10 cm. They are superimposed
on the mesoscale eddies but have much shorter time scales. The above difference between SWOT and DUACS
SLAs can also be seen from their power spectra (Figure S1 in Supporting Information S1). Specifically, the
spectra of the two time series nearly overlap each other at periods longer than 16 days, but the power spectral
density of SWOT SLA is significantly larger than the DUACS result at periods shorter than 16 days. Note that
both the above SCE-like structures were accompanied by mesoscale eddies, which agrees with the previous
finding that generation of submesoscales is closely associated with deformation of mesoscale eddies (McWil-
liams, 2016; J. Zhang et al., 2023).

The above two SCE-like structures in the mooring region can be also clearly seen from the time series of SWOT
SLA (Figures 3a and 3b). For the first and second cases, the negative ASLA between SWOT and DUACS data
lasts for 15 and 9 days, respectively. During the SWOT CalVal period, there are also other positive and negative
ASLA events with periods shorter than 16 days but their amplitudes are smaller than the above two SCE-like
structures. In the following, we will focus on these two SCE-like structures and demonstrate that they are
indeed SCEs by combining the moored observations.

4. Characteristics of Submesoscales Revealed by Moorings

In Figure 4a, we show the mooring-observed subinertial zonal velocity (U) and temperature during the 90-day
overlapped period with the SWOT CalVal phase. Similar to the SWOT SLA, mooring-observed U and iso-
therms also show evident oscillations with periods of O(10) days which ride on the longer-period mesoscale
signals. These shorter-period signals primarily occur in the upper 200 m, whose vertical scales are smaller than the
mesoscale signals. Comparisons between the SWOT and mooring time series (Figure 3 vs. Figure 4a) suggest that
the shorter-period signals in mid April and mid May 2023 corresponded to the abovementioned two SCE-like
structures. Given that the submesoscales-like signals observed by SWOT have periods shorter than 16 days
(Figure S1 in Supporting Information S1), we calculated the U anomalies associated with the two SCE-like events
using a 16-day high-pass filter (fourth-order Butterworth), whose depth-time plots are shown in Figures 4b and
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Figure 4. (a) Depth-time plots of subinertial zonal velocities from mooring MC. Gray lines denote isotherms (from mooring MS) with a contour interval of 1°C. The
20°C isotherm is marked using black line. Green rectangles mark the periods of the SCEs. Purple line denotes mixed layer depth from the Global Ocean Physics
Reanalysis product. For a better comparison, the time series of in Figure 3b is also shown at the top of this figure. (b) Depth-time plot of submesoscale zonal velocities
from mooring MC between 11 April and 20 April 2023 (i.e., Case 1). Submesoscale velocities are obtained by applying a 16-day high-pass filter to subinertial velocities.
Gray solid lines denote the time of the maximum positive and negative velocities. (c) Same as (b) but for the Case 2 between 13 May and 21 May 2023. (d, e) Same as (b,
¢) but for Rossby numbers (i.e., relative vorticity divided by planetary vorticity).

4c, respectively. For both cases, the magnitude of U anomalies gradually decreased with an increasing depth until
it became trivial below ~200 m; the maximum magnitude of the observed U anomalies reached ~15.0 cm/s at 50—
150 m depths but it should exceed this value at surface as the SCE-like structures are surface intensified. The U
anomalies of both cases changed from positive to negative with time, which corresponded to the southward
migration tendency of the two SCE-like structures as seen from the sequential SWOT data (Figure S2 in Sup-
porting Information S1). The southward migration is also supported by the results that the U anomalies at mooring
MC led those at mooring MS and that the meridional velocity anomalies were much weaker than the U anomalies
(Figure S3 in Supporting Information S1). Temperature anomalies of the first SCE-like structure were dominantly
negative in the upper ~200 m, while they showed negative and positive alternating values for the second case
(Figures S4a—S4b in Supporting Information S1). Overall, the above results demonstrate that the SWOT-detected
SCE-like structures presented in Figures 2 and 3 are indeed SCEs.
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To gain further insight into the dynamic features of the two SCEs, we calculated the relative vorticity using
velocities from the four moorings through the Stokes' theorem ¢ = %gﬁ_/\' -dl (Buckingham et al., 2016; Z. Zhang

et al., 2021). Here, 7, is subinertial velocity anomaly calculated using the 16-day high-pass filter. Based on the
pressure measurements by moored CTDs, we can infer that the top part of the moorings on average had a hor-
izontal swing distance of ~300 m (method refers to Z. Zhang et al., 2021). This distance error (compared with the
7.5 km distance between two moorings) would result in a ~4% error in the calculated ¢. In Figures 4d and 4e, we
show depth-time plots of the relative vorticity divided by the planetary vorticity f (i.e., {/f) which roughly rep-
resents the Rossby number (Ro). As expected, both the SCEs show positive Ro in the upper 200 m. For both
SCE:s, the observed maximum Ro reached ~0.4 which roughly occurred at the time of zero U anomaly. Given that
the central mooring MC did not exactly capture the centers of the SCEs (Figure 2 and Figure S2 in Supporting
Information S1) and that the moored observations were absent in the upper 50 m, we expect that the largest Ro of
the SCEs (at their centers) should greatly exceed 0.4 at sea surface. For both SCEs, divergence magnitude
(divided by f) of the submesoscale velocity is overall smaller than 0.2, demonstrating that the observed SCEs are
quasi-balanced motions (Figures S4c and S4d in Supporting Information S1).

5. Summary and Discussion

By combining the concurrent observations from SWOT and a mooring array in the northwestern Pacific during
the SWOT CalVal period, this study reported two SCEs which were missed by the traditional, coarse-resolution
merged altimeter data (i.e., the DUACS product made from nadir altimeters). The SWOT data revealed that these
SCEs are superimposed on mesoscale eddies in the STCC region in mid April and mid May 2023, respectively.
The first SCE had an equivalent radius of 16.0 km and its SLA amplitude was 2.5 cm. With respect to the second
SCE, its equivalent radius and SLA amplitude were 18.8 km and 2.0 cm, respectively. Based on the concurrent
subsurface moored data, we found that the SCEs can induce short-period (<16 days) oscillations in velocity and
temperature in the upper 150 m. The subsurface mooring derived horizontal velocities and Ro of the SCEs
reached ~15.0 cm/s and ~0.4, respectively. Given that the SCEs were surface intensified, their true velocities and
Ro at surface should be larger than these estimated values.

In addition to the above two cases of SCEs, many other submesoscale cyclone- and anticyclone-like structures
with equivalent radii smaller than 25 km are also observed by the SWOT level-3 data in the subtropical north-
western Pacific (Figure S5 in Supporting Information S1). Further analysis suggests that RMS values of ASLA
between SWOT and DUACS data during the SWOT CalVal period are overall between 2.0 and 4.5 cm (Figure S6
in Supporting Information S1). Although some of these ASLA signals may be caused by unbalanced incoherent
ITs and supertidal IGWs (e.g., Miao et al., 2021, 2023; Qiu et al., 2018; Savage et al., 2017), our analyses shown
in this study indicate that a considerable proportion of them can be caused by balanced submesoscales or fine-
scale structures of mesoscale eddies which are missed in the traditional nadir altimeter data. In summary, this
study demonstrates that the SWOT data has the capability to detect balanced submesoscale eddies in the sub-
tropical northwestern Pacific.

Note that the study region has moderate activities of balanced submesoscales but relatively strong incoherent ITs
(Qiu et al., 2018; Su et al., 2018; Zaron, 2017), that is, moderate signal to “noise” ratio for balanced sub-
mesoscales. This implies that it should be feasible for the SWOT data to capture balanced submesoscales in other
high signal to “noise” ratio regions, such as the western boundary currents (e.g., Kuroshio Extension and Gulf
Stream) and the Antarctic Circumpolar Current regions. Future analyses are called for to adopt the SWOT data to
explore more kinematic features and spatiotemporal variations of submesoscales over the global oceans.

Finally, we should acknowledge that due to the absence of moored data in the upper 40 m, it is difficult to
precisely quantify the respective contributions of balanced and unbalanced motions to the SWOT SSH. In Figure
S7a of Supporting Information S1, we compare the SWOT SLA with the steric height at 40 m calculated using
moored T/S data (Miao et al., 2021; Wang et al., 2022). Although the two time series are highly correlated
(r = 0.89), they indeed show some differences, particularly at the submesoscale time scale (i.e., periods shorter
than 16 days) and after 10 June 2023. Similar comparison also applies to the surface geostrophic velocity
diagnosed from SWOT SSH and the subinertial ADCP velocity averaged between 50 and 80 m (Figure S7b in
Supporting Information S1). However, based on the present data, we cannot judge whether the above differences
are due to the missing moored observations in the upper 40 m or due to the remaining unbalanced SSH in the
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