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Abstract

Estimated ocean subsurface fields derived from satellite observations provide potential data sources for
operational marine environmental monitoring and prediction systems. This study employs a statistic regression
reconstruction method, in combination with domestic autonomous sea surface height and sea surface
temperature observations from the Haiyang-2 (HY-2) satellite fusion data, to establish an operational quasi-real-
time three-dimensional (3D) temperature and salinity products over the Maritime Silk Road. These products
feature a daily temporal resolution and a spatial resolution of 0.25° x 0.25° and exhibit stability and continuity. We
have demonstrated the accuracy of the reconstructed thermohaline fields in capturing the 3D thermohaline
variations through comprehensive statistical evaluations, after comparing them against Argo observations and
ocean analysis data from 2022. The results illustrate that the reconstructed fields effectively represent seasonal
variations in oceanic subsurface structures, along with structural changes resulting from mesoscale processes,
and the upper ocean’s responses to tropical cyclones. Furthermore, the incorporation of HY-2 satellite
observations notably enhances the accuracy of temperature and salinity reconstructions in the Northwest Pacific
Ocean and marginally improves salinity reconstruction accuracy in the North Indian Ocean when compared to
the World Ocean Atlas 2018 monthly climatology thermohaline fields. As a result, the reconstructed product holds
promise for providing quasi-real-time 3D temperature and salinity field information to facilitate fast decision-
making during emergencies, and also offers foundational thermohaline fields for operational ocean reanalysis
and forecasting systems. These contributions enhance the safety and stability of ocean subsurface activities and
navigation.
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1 Introduction

Over the past three decades, satellite remote sensing techno-
logy advancements have significantly improved our understand-
ing of various physical processes and dynamic mechanisms re-
sponsible for changes in sea surface conditions (Isern-Fontanet
etal., 2017; Huang et al., 2023). However, a key limitation of most
satellite observations is that they monitor only the oceanic sur-
face state, without directly observing changes in its interior (Liu
etal., 2017, 2023). Temperature and salinity are crucial paramet-
ers for oceanographic research, and serve as the most important
physical quantities describing ocean variability. Therefore, estab-
lishing a quasi-real-time three-dimensional (3D) temperature

and salinity structure of the ocean with long-term continuity
holds immense significance for in-depth studies of dynamic and
thermal processes within the ocean (Buongiorno Nardelli et al.,
2012; Dong et al., 2023), and plays a pivotal role in ensuring the
safety and navigation of underwater activities. Accurate estima-
tions of temperature and salinity are essential for predicting
ocean conditions, planning routes, and making safety decisions,
particularly in operational underwater navigation and produc-
tion (Burnett et al., 2014). To date, various methods for recon-
structing ocean subsurface structures based on satellite remote
sensing data have been widely employed, and have helped shed
light on the characteristics of subsurface structural changes
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(Isern-Fontanet et al., 2008; Ballabrera-Poy et al., 2009; Guinehut
etal., 2012; Yan et al., 2021a; Dong et al., 2022; Xie et al., 2022).
These methods have expanded our understanding of the ocean
system, thereby enabling us to better comprehend its changes
and responses (Chen et al., 2020, 2023; He et al., 2021; Liu and
Xue, 2022; Su et al., 2023).

Since the late 1980s, researchers have progressively de-
veloped techniques to reconstruct quasi-real-time ocean subsur-
face structures and their variations using satellite remote sensing
observations. These methods establish statistical relationships
between surface and subsurface ocean states (Hurlburt, 1986;
Carnes et al., 1990). The reconstructed fields unveil the oceanic
interior circulation, mixing and boundary characteristics (Fox
et al., 2002; Guinehut et al., 2004; Mulet et al., 2012; Tang et al.,
2022). With the advancement of multi-source high-resolution
satellite observations, such methods have matured and provided
robust support for marine science and applications (Dash et al.,
2012; Martin et al., 2012; Morrow et al., 2019; Ballarotta et al.,
2023). Simultaneously, the advancements in domestic autonom-
ous satellite observation fusion technology and the consistent
progress of fusion techniques have supplied dependable initial
field data for autonomous marine environmental forecast sys-
tems. In recent years, domestic fusion gridded products’ accur-
acy and effective resolution have progressively matched those of
international mainstream products. Therefore, it is necessary to
delve deeper into the potential capability of reconstructing 3D
temperature and salinity fields based on domestic autonomous
satellite observations, particularly in regions with relatively lim-
ited subsurface observational data (Riser et al., 2016).

This study focuses on the region along the Maritime Silk Road
(MSR)(0°-52°N, 30°-161°E), which holds strategic importance for
marine environmental safety and security (Qiao et al., 2019). This
region comprises the South China Sea, the Northwest Pacific
Ocean, and the northern Indian Ocean. These subregions’ tem-
perature and salinity structures significantly affect the global cli-
mate system and regional marine environments (Chen et al.,
2011; Nan et al., 2011; Qiu et al., 2014; Yang et al., 2019). We es-
tablish an operational quasi-real-time 3D temperature and salin-
ity reconstruction system covering the MSR herein. The system
utilizes the Modular Ocean Data Assimilation System (MODAS)
(Fox et al., 2002) and domestic operational autonomous high-
resolution satellite fusion sea surface temperature (SST) and sea
surface height (SSH) observations to reconstruct thermohaline
fields. The results may offer a promising avenue for a deeper un-
derstanding of the 3D thermohaline structure of the MSR and its
evolving characteristics. The remainder of this study is struc-
tured as follows. Section 2 provides an overview of the data and
reconstruction method. Section 3 evaluates the reconstructed
fields based on the Argo observations and ocean model analysis
data, along with several product applications in typical ocean dy-
namic processes at various spatial and temporal scales. The con-
clusions are given in Section 4.

2 Data and methods

2.1 Data

The quasi-real-time autonomous satellite remote sensing
gridded SSH maps, which are essential for the operational recon-
struction system, are distributed by the National Satellite Ocean
Application Centre (NSOAS). They provide global and regional
daily products, including variables such as SSH anomalies, abso-
lute dynamic topography, and geostrophic currents. Our study
utilizes the daily global SSH product, which has spatial resolu-
tion of 0.25° x 0.25°. Similarly, the required quasi-real-time grid-

ded SST product is also distributed by NSOAS and features the
same spatial-temporal resolution as the SSH product.

To establish the surface-subsurface relationships necessary
for the reconstruction system, we rely on historical thermohaline
profile observations from the World Ocean Database 2018
(WOD18) and Argo observation profiles for the 2002-2021 range.
Additionally, to evaluate the reconstructed thermohaline
products, we employ Argo thermohaline profiles in 2022, the Op-
erational Mercator global ocean physics analysis and forecast
(GOPAF) product from the Copernicus Marine Service (2023),
and the World Ocean Atlas 2018 (WOA18) monthly climatology
thermohaline fields from the National Centers for Environment-
al Information (2023). The GOPAF product is centered on the
global Nucleus for the European Modelling of the Ocean (NEMO)
model. It employs a global tripolar horizontal grid that covers the
entire global ocean. It holds on a standard grid at 1/12 degree
and 50 standard levels. All variables are on the same grid points,
including the daily and monthly 3D potential temperature, salin-
ity and currents information, two-dimensional sea surface level,
etc. The daily temperature and salinity datasets are employed
herein. Finally, the WOA18 monthly climatology field has a spa-
tial resolution of 0.25° x 0.25° and spans from 89.5°S to 89.5°N and
from 179.875°W to 179.875°E.

Additionally, we obtained the 6 h tropical cyclone (TC) track
and maximum wind speed data from the International Best Track
Archive for Climate Stewardship (IBTrACS, Knapp et al., 2010).
This repository compiles recent and historical TC data from vari-
ous organizations and is recognized as the world’s most compre-
hensive TC dataset.

2.2 Data preprocessing

Before utilizing historical subsurface thermohaline observa-
tion profiles to establish surface-subsurface relationships, rigor-
ous quality control measures are imperative to address potential
quality issues associated with in-situ observations. The quality
control process steps are as follows: (1) observation loca-
tion/date/time checking; (2) repeat profile checking; (3) pressure
reversal and pressure repetition checking; (4) boundary check-
ing of the observed data; and (5) temperature and salinity gradi-
ent checking and density stability validation. Following the qual-
ity control processes, the original temperature and salinity obser-
vation profiles are interpolated to standardized depths. After in-
terpolation, the density stability validation is re-evaluated. Pro-
files that do not meet the criteria for static stability undergo addi-
tional adjustments to eliminate static instability caused by inter-
polation (Wang et al., 2012a). The standard depths are defined as
follows: 0 m, 5m, 10 m, 15 m, 20 m, 25 m, 30 m, 35 m, 50 m,
75m, 100 m, 125 m, 150 m, 175 m, 200 m, 250 m, 300 m, 350 m,
400 m, 450 m, 500 m, 600 m, 700 m, 800 m, 900 m, 1 000 m, 1 100 m,
1200m,1300m,1400m, 1500m, 1600m,1700m,1750m,
1800 m, 1900 m, 2000 m, 2500 m, 3000m, 3500m, 4000 m,
4500 m, 5000 m, 5500 m, 6000 m, 6500 m, 7000 m, 7500 m, 8000 m,
8500 m, 9 000 m, for a total of 51 layers.

Similar procedures are applied to the WOA18 monthly clima-
tology fields and Argo observation profiles when evaluating the
product. The locations of Argo observations within the MSR re-
gion in 2022 are illustrated in Fig. 1, highlighting significant spa-
tial heterogeneity in the observed profile locations, with the
South China Sea exhibiting the sparsest observation count.

2.3 Statistic-regression reconstruction method
MODAS relies on a statistical regression approach to estab-
lish a surface-subsurface relationship. This approach is often
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Fig. 1. Spatial coverage of the operational reconstruction system. The shaded parts are the altitude in the Maritime Silk Road. The
black dots are the locations of Argo observation profiles for 2022. The red line is the trajectory of an Argo buoy (No. 5906510) between
May 7, 2022, and December 31, 2022, with a black five-pointed star indicating the observation’s starting point.

called the reconstruction model, and is applied to perform sub-
surface temperature and salinity reconstructions utilizing sea
surface information, as described by Fox et al. (2002) and Wang
et al. (2012b). The construction of reconstruction model involves
the following four key steps: (1) the Empirical Orthogonal Func-
tion method is employed to extend the temperature observation
profiles at depths where the observations do not reach the sea-
floor; (2) using the least-squares regression method, profiles con-
taining both temperature and salinity observations are utilized to
statistically establish the subsurface temperature-salinity rela-
tionship; (3) the temperature-salinity profiles are employed to
calculate the steric sea surface height; (4) the historical observa-
tion profiles and steric sea surface height are combined with the
statistical-regression method to establish the reconstruction
model. The above steps are detailed in a study by Wang et al.
(2012b). Once the quasi-real-time SSH and SST observations
have been inputted into the reconstruction system, the subsur-
face temperature field is initially established, after which the sub-
surface salinity field can be reconstructed based on the temperat-
ure field and the established subsurface temperature-salinity re-
lationship. Considering the number of subsurface observations
and the spatial resolution of the input surface information, we es-
tablish a reconstruction model in each calendar month with a
0.25° x 0.25° grid spatial resolution in this study. The reconstruc-
ted thermohaline fields have a daily gridded quarter-degree res-
olution with 51 vertical layers.

2.4 Evaluation method

The statistical indicator root mean square error (RMSE) is
used to evaluate the 3D thermohaline fields quantitatively. The
RMSE is sensitive to either very large or very small errors in a set
of measurements and thus reflects the precision of the data. Spe-
cifically, RMSE and RMSEare defined to quantify the RMSE of
temperature and salinity reconstruction fields, respectively,
which are calculated as follows:
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Reconstruction’ SReconstruction’ and sArgo denote the re-
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constructed temperature field, the temperature of the Argo ob-
servation profiles, the reconstructed salinity field, and the salin-
ity of the Argo observation profiles, respectively; N is the number
of Argo observation profiles.

The reconstruction skill score (SS) is defined as follows:
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where RMSE, o ciruction ad RMSEy, o, are the RMSE of the recon-
structed field and WOA18 monthly climatology field relative to
the Argo observations, respectively. The larger the SS, the better
the accuracy of reconstruction fields. SS = 1 is regarded as a per-
fect skill.

2.5 Calculation of TC-induced temperature anomaly

Next, we employ the composite analysis method proposed by
Mei and Pasquero (2013) to investigate the temperature re-
sponse in the upper ocean during TC passage. The methodology
schematic is illustrated in Fig. 2. Initially, a box centered on the
6-hourly TC location is extended, covering 200 km along the TC
path and 2 500 km perpendicular to the path, as depicted in the
black and blue shaded portions of Fig. 2. Subsequently, the grid
within the extended box is further subdivided into smaller grids
with a spatial resolution of 10 km x 10 km. Following this, the de-
trended upper ocean temperature field, which removes the sea-
sonal signal and the long-term linear trend, is then interpolated
into each of the small grids to generate a composite spatial tem-
perature field for each TC location. For each fixed domain, the
upper ocean temperature anomaly within a period of -30 d to 30 d
relative to TC passage is calculated. This is achieved by subtract-
ing the average temperature field during the month preceding
the TC passage. This methodology allows for precisely assessing
the upper ocean temperature variations associated with the TC
passage (Ma et al., 2018).

3 Results
3.1 Quantitative evaluation of reconstructed thermohaline fields
3.1.1 Vertical error statistics in MSR

Figures 3a and b illustrate the vertical profiles of temperature
and salinity RMESs of the MODAS reconstructed fields and
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Fig. 2. Schematic of the method used to calculate the tropical
cyclones (TC)-induced upper oceanic temperature anomalies.
The black shaded part represents the study area employed for
spatial composite centered on the TC location (the black dot).
The spatial resolution of the grid points in this region is 10 km x
10 km. The blue-shaded part, centered around the blue dot, is the
same as the black-shaded part, but for an earlier time. The
colored dots are the track points at 6 h intervals for TC Malakas in
2022. The size and color of the dots are determined by the TC
maximum wind speed (unit: m/s).

WOA18 monthly climatology fields in the Northwest Pacific
Ocean (NWP) and North Indian Ocean (NIO) and throughout the
MSR region. The reconstruction skill scores of MODAS recon-
structed temperature and salinity are also depicted in Fig. 3c. The
results show that the most significant temperature reconstruc-
tion errors typically appear around the thermocline at depths of

approximately 50-300 m, with errors diminishing rapidly below
the thermocline depth (Fig. 3a). Temperature and salinity recon-
struction errors exhibit distinct variations across different ocean
basins, as revealed by Fig. 3 and Table 1.

The maximum mean RMSE is 1.35 and 1.47°C in the MSR
and NIO at depths of 50-150 m, respectively, while it is 1.40°C in
the NIO at depths of 150-300 m. The mean RMSE for the upper
1500 m is less than 0.81°C for various ocean basins (Table 1). In
the entire MSR, the maximum RMSE, is approximately 1.5°C for
the MODAS-reconstructed temperature field upper 1 500 m. This
value is generally smaller than that of the climatology temperat-
ure field, which locally exceeds 2.0°C around the thermocline
depth (Fig. 3a). The SS of the temperature field holds nearly 0.20
upper 800 m in the NWP and MSR, except for exhibiting a decre-
ment below the thermocline depth of about 200 m. In contrast,
the NIO shows only marginal positive SS locally at upper 1 000 m
(Fig. 3c).

Regarding the salinity reconstruction, the RMSEs of salinity
fields are slightly lower for the MSR and NWP compared to the
climatology field, aligning with a mostly positive SS upper 600 m
(Figs 3b and c). However, the RMSE, of MODAS reconstruction is
marginally greater than the climatology field below the mixed
layer in the NIO, although its value remains below 0.3 (Fig. 3b),
leading to a negative SS at almost all depths in the NIO (Fig. 3c).
The relatively larger salinity reconstruction errors in the NIO may
be associated with factors such as precipitation and runoff-in-
duced seawater desalination, complex temperature-salinity rela-
tionships, and the intrusion of high-salinity mode waters.

3.1.2 Spatial distribution of reconstruction errors in the MSR
Given the complex dynamical regimes within the MSR and
the uneven distribution of the Argo observations, we divided the
entire area into 4° x 4° subregions to quantitatively evaluate the
spatial variability of temperature and salinity reconstruction per-
formance. Please note that the RMSE; and RMSE in this section
are the RMSE between reconstructed fields and Argo observa-
tions throughout the whole water column in each 4° x 4° subre-
gion. Then, the SS is calculated in each subregion. In Figs 4a-c,
we present the spatial distribution of the RMSE and SS for both
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Fig. 3. Vertical distributions of root mean square errors (RMSEs) for temperature (a) and salinity (b) of MODAS-reconstructed and
WOA18 monthly climatology field in various ocean basins, and the vertical distributions of SS for the reconstructed temperature (black
lines) and salinity (blue lines) fields in the NWP, NIO, and MSR, respectively (c). MODAS, Modular Ocean Data Assimilation System;
WOA18, World Ocean Atlas 2018; NWP, Northwest Pacific Ocean; NIO, North Indian Ocean; MSR, Maritime Silk Road.
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Table 1. The mean RMESand RMSEg of MODAS reconstructed
fields at various depth ranges in different regions

RMES,/°C RMSE¢
Depth/m

MSR NWP  NIO MSR NWP  NIO

[0, 50) 0.77 0.79 0.69 0.32 0.31 0.35
(1.33) (1.41) (1.01) (0.34) (0.34) (0.33)

[50, 150) 1.35 1.31 1.47 0.20 0.19 0.23
(1.89) (1.98) (1.54) (0.22) (0.22) (0.23)

[150, 300) 1.32 1.40 0.97 0.16 0.14 0.22
(1.54) (1.66) (1.07) (0.16) (0.14) (0.20)

[300, 900) 0.64 0.70 0.37 0.09 0.08 0.10
(0.81) (0.90) (0.40) (0.08) (0.08) (0.08)

[900, 1 500) 0.17 0.15 0.23 0.05 0.05 0.06
(0.17) (0.16) (0.22)  (0.05) (0.05) (0.05)

[0, 1500] 0.79 0.81 0.68 0.17 0.16 0.19
(1.09) (1.16) (0.79) (0.17) (0.17) (0.18)

Note: The mean root mean square errors (RMSEs) of WOA18
monthly climatology fields are listed in the parenthesis. MODAS,
Modular Ocean Data Assimilation System; WOA18, World Ocean
Atlas 2018.

the MODAS-reconstructed and WOA18 monthly climatology
fields. The MODAS-reconstructed temperature exhibits lower
RMSE, values than the climatology field in most subregions
across the entire water column, with values predominantly be-
low 0.8°C. Larger RMSE values are concentrated in nearshore
areas that are significantly influenced by topography, including
the southern Kuroshio Extension, the Yellow and Bohai seas, the
Japan Sea, the northern Arabian Sea, and the southern Indian
Peninsula (Figs 4a and b). Most subregions display skill scores
exceeding 0, indicating that the reconstruction product generally
outperforms the climatology field. Subregions with skill scores
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above 0.4 are primarily located in the open oceans of the NWP,
where the vertical first-order baroclinic mode can properly rep-
resent dynamical regimes. Incorporating SSH observation is be-
neficial for reconstructing subsurface temperature variations in-
duced by the first-order baroclinic mode.

As for salinity reconstruction, in most NWP regions, the MO-
DAS-reconstructed field generally outperforms the climatology
field, whereas in the NIO, the performance of the MODAS-recon-
structed field is comparable or slightly inferior (Figs 4d-f). This
discrepancy can be attributed to the particularity of salinity vari-
ations in the NIO. The intense precipitation and runoff events,
the strong runoff of the Ganges River into the Bay of Bengal, and
the intrusion of high-temperature and high-salinity water from
the Somali Current into the Arabian Sea would all decrease the
local salinity reconstruction performance, as previously evid-
enced by He et al. (2021).

3.1.3 Evaluation based on single-point observation profiles

We selected five individual observation profiles in the NWP
and NIO to evaluate the reconstructed vertical profiles. In these
profiles, the reconstructed profiles closely match the Argo obser-
vations for temperature. This alignment indicates that incorpor-
ating satellite observations enhances the accuracy of reconstruct-
ing the vertical thermocline profile. Furthermore, the consist-
ency between the MODAS-reconstructed and observation pro-
files is superior to that between the WOA18 monthly climatology
and observation profiles (a;-a; and b,-b, in Fig. 5). However,
there is notable uncertainty in the reconstruction of salinity ver-
tical profiles, especially in the Somali Sea and northern Arabian
Sea within the NIO. In these areas, significant disparities are
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Fig. 4. Spatial distributions of RMSE . of MODAS-reconstructed (a) and WOA18 (b) monthly climatology temperature fields in every 4°
x 4° bin, spatial distribution of temperature reconstruction SS in every 4° x 4° bin (c), and spatial distributions of RMSE¢ of MODAS-re-
constructed (d) and WOA18 (e) monthly climatology salinity fields in every 4° x 4° bin, spatial distribution of salinity reconstruction SS
in every 4° x 4° bin (f). RMSE, root mean square error; MODAS, Modular Ocean Data Assimilation System; WOA18, World Ocean Atlas

2018.
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Fig. 5. The altitude (shaded part) in the Northwest Pacific Ocean (a) and North Indian Ocean (b), respectively; temperature and salin-
ity vertical profiles for the Argo observed (red lines), the MODAS reconstructed (black solid line), and the WOA18 monthly climato-
logy (black dashed line) in the upper 1 000 m (c). The solid red line in a is the horizontal location of the vertical sections shown in
Figs 6 and 7. The red five-pointed stars in a and b represent the locations of the selected Argo observation profiles. a,-a; and b,-b, are
the mark of these profiles. The temperature and salinity vertical profiles of a;-a; are shown in the first and second rows in ¢, and those
of b,-b, showing in the third and last rows in c, respectively. MODAS, Modular Ocean Data Assimilation System; WOA18, World

Ocean Atlas 2018.

evident between the observation profiles and both the recon-
structed and climatology profiles (b,-b, in Fig. 5). This variation
may be attributed to the limitations of reconstructed salinity in
accurately representing the hypersaline seawater resulting from
the Somali cold current during winter. Similar to the spatial dis-
tribution of RMSE, the comparison of single-point profiles also
demonstrates that the NWP outperforms the NIO in salinity re-
construction (Fig. 5).

3.2 Applications of the reconstructed thermohaline fields

3.2.1 Reproducing the thermohaline seasonal variations

A vertical section is chosen to assess the reconstruction per-
formance in depicting seasonal variations, from southwest to
northeast between 110°E and 135°E, crossing through the South
China Sea and Luzon Strait, then extending to southern Japan.
Figure 6 shows various temperature fields along this section, in-
cluding MODAS-reconstructed (Fig. 6b) and GOPAF product
(Fig. 6b) on the 15th day of every two months from February to
December 2022. Figure 6c are the corresponding WOA18
monthly climatology field. The MODAS-reconstructed section
closely resembles that of the GOPAF product section regarding
the seasonal variation of temperature vertical structure and the
isothermal fluctuations caused by mesoscale processes. Con-
versely, the climatology section exhibits little isothermal vari-
ation for the same month. Furthermore, a notable difference
emerges in describing thermocline changes of the reconstructed
temperature sections on the east and west sides of the Luzon

Strait. The west side, corresponding to the South China Sea, fea-
tures a shallower thermocline depth and a relatively moderate
zonal temperature gradient, while the thermocline depth east of
the Luzon Strait is much deeper, and displays a stronger zonal
temperature gradient with seasonal variations. These character-
istics align with the relatively intense temperature variations
along the western boundary current. Such a difference is also
evident in the GOPAF product sections but is absent in the clima-
tology sections.

Figure 7 illustrates the vertical salinity sections. Although the
MODAS-reconstructed salinity sections successfully depict sea-
sonal variations and capture isohaline fluctuations induced by
mesoscale processes, they do not substantially improve the salin-
ity reconstruction performance compared to the GOPAF product
and WOA18 monthly climatology sections. This may be attrib-
uted to the absence of surface salinity observations herein and
the limitations of the current reconstruction method, since it re-
lies on the subsurface temperature-salinity relationship to derive
the salinity field. These limitations hinder the characterization of
high-frequency salinity variability.

3.2.2 Reconstruction of the mesoscale processes

An Argo buoy (No. 5906510) recorded the effects of apparent
mesoscale processes on the subsurface thermohaline structure in
southern Japan between May 7 and December 31, 2022, as re-
vealed by its trajectory, and the results are shown in Fig. 1.
Figures 8a and d illustrate the thermohaline vertical sections ob-
served by the buoy during this period, and reveal significant vari-
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ations in subsurface thermohaline structure induced by meso-
scale processes. The isothermal depths exhibit noticeable fluctu-
ations during the periods of May to June and October to Decem-
ber, corresponding to periods of significant mesoscale processes
(Figs 8a and d). In general, the MODAS reconstructed field effect-
ively reproduces these variations in thermohaline structure in-
duced by mesoscale processes, with a maximum RMSE of less
than 1.5°C, primarily at the second thermocline depth of around
600 m. Regarding salinity, the maximum RMSE; occurs in the
near-surface layer, measuring less than 0.35, and decreases rap-

idly at depths greater than 150 m (Figs 8b, e and g). The MODAS-
reconstructed field has two advantages over the WOA18 monthly
climatology field section: (1) the incorporation of SST enhances
the temperature reconstruction performance at depths shallow-
er than 100 m; (2) the incorporation of SSH improves the accur-
acy of temperature and salinity reconstruction at depths greater
than the thermocline.

Figure 9 further presents thermohaline anomaly vertical sec-
tions. During periods of significant mesoscale processes (e.g.,
May and June), subsurface warming is more pronounced, with a
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maximum anomaly exceeding 4°C within the range of approxim-
ately 400-800 m (Fig. 9b). In comparison to the Argo observa-
tions, the MODAS-reconstructed temperature anomaly exhibits a
slightly higher magnitude of about 1°C. Still, it demonstrates a
similar temperature anomaly structure to the observed section
(Fig. 9d). In terms of salinity anomalies, the MODAS reconstruc-
ted field shows a maximum subsurface salinity increase of
roughly 0.25 from May to June, 2022, which closely aligns with
the structure and magnitude of the Argo observation (Figs 9c and
e). These results suggest that the MODAS reconstruction method
holds promise for describing subsurface thermohaline changes

caused by mesoscale processes.

3.2.3 Estimating the upper ocean response during the TC event
Previous studies have examined the non-uniform variations
in the spatial structure of TC-induced upper ocean temperature
anomaly, revealing distinctions between the left and right sides of
the TC track. Mei and Pasquero (2013) quantified such asym-
metry of SST anomalies response to TC using the methodology
outlined in Section 2.5. They delved into the spatial structure and
temporal evolution of TC-induced SST anomalies in both pre-
and post-TC passage. In the Northern Hemisphere, the surface
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(subsurface) cooling (warming) magnitude on the left-hand side
of a typical TC track is usually weaker than on the right-hand
side. This phenomenon can be attributed to TC-induced vertical
mixing in the upper ocean, primarily on the TC track’s right-hand
side (Price, 1981; Price et al., 1994; Zhou et al., 2019). In our
present study, we estimated the upper ocean response during the
TC event using the method introduced in Section 2.5, with a first
focus on TC Malakas in 2022. The Malakas originated at low latit-
udes in the NWP and traveled a distance of over 2 000 km from
south to north in approximately 7 d, during which it had a notice-
able impact on the variation of the subsurface structures in the
relevant areas.

Figure 10 depicts the upper ocean subsurface temperature
variations based on the MODAS-reconstructed temperature field
before and after the passage of Malakas. In this case study, the
asymmetry temperature anomaly structure last persistently on
both sides of the TC track during different stages. Before Malaka’s
arrival, subsurface warming is observed on the left-hand side of
the TC track within a 400 km range, while cooling is observed on
the right side. After the Malakas has passed, significant subsur-
face cooling occurred on both sides of its path, with the maxim-
um cooling exceeding 1.2°C. Most of this cooling is concentrated
in the ocean mixed layer, with the greatest impact observed at
depths exceeding 300 m. Six days after the TC passage, the cool-
ing in the ocean surface layer begins to recover gradually. At the
same time, there is a general cooling of both the surface and sub-
surface layers within a radius of about 200 km on both sides of
the TC track. However, subsurface warming gradually develops
within the 200-400 km range. Furthermore, an asymmetrical pat-
tern emerges, with cooling on the left-hand side and warming on
the right-hand side of the TC track with the increase in TC transit
time, particularly after the 13th day. During this period, the mag-
nitude of warming on the right side slightly surpasses the cooling
on the left side. With time, subsurface warming on the right-hand

side takes the lead in returning to normal, and the upper ocean’s
response to the TC gradually weakened until it eventually disap-
pears.

Given the significant disparities in the intensity of different TC
events, we further conducted a composite analysis of the upper
ocean response to 26 TC events in the NWP in 2022. The compos-
ite results are illustrated in Fig. 11. On average, the TC-induced
upper ocean temperature anomaly exhibits varying intensities
compared to the single case study, yet notable asymmetry in an-
omalies persists on both sides of the TC track. Within four days
after the TC passage, a subsurface cooling exceeding 0.4C is ob-
served within 200 km around the typhoon eye. The cooling ex-
tends to depths deeper than 400 m, with its vertical core slightly
displaced to the left side of the TC track by 50-100 km. Sub-
sequently, the cooling gradually recovers and swiftly disappears
after the 9th day. In regions extending beyond 200 km on the left
side of the TC, subsurface warming begins approximately 5 d
after the TC passage, with the warming magnitude increasing
over time. Simultaneously, the warming on the right side of the
TC beyond 200 km is slightly delayed compared to the left side
but exhibits a greater magnitude, reaching its peak after 11 d to
14 d and then gradually recovering. This asymmetry in the sub-
surface temperature structure on both sides of the TC persists
throughout the entire stage after the TC passage, showcasing
variations in intensity and structure. Such characteristics align
with the findings of Cheng et al. (2015). Overall, the case study
and the composite analysis results underscore the considerable
potential of MODAS reconstructed fields in reproducing the TC-
induced upper ocean response.

4 Conclusions

In this study, we utilized the autonomous fusion satellite re-
mote sensing SST and SSH observations as inputs to generate op-
erational temperature and salinity products via a statistic-regres-
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sion reconstruction method over the MSR. Several quantitative
evaluations are conducted to estimate the reconstructed product,
including the reconstruction error statistic analysis, single-point
profile comparison, and application in multiscale dynamical pro-
cesses.

The results of this study demonstrate that the reconstructed
temperature and salinity fields surpass the WOA18 monthly cli-
matology field regarding reconstructability, as evidenced by the
predominantly positive reconstruction skill scores. Specifically,
the RMSE; of the reconstructed field remains below 1.5°C across
the MSR, with even smaller values in the NWP, thus highlighting
superior reconstruction performance in this region. The high
agreement between the reconstructed and observed vertical
single-point profiles and vertical sections also reveals that incor-
porating satellite observations holds promise for reconstructing
more accurate upper ocean temperature variations. In addition,
the RMSE is lower in the entire MSR and NWP than the NIO, but
all the values generally fall below 0.3 at depths greater than the
mixed layer. However, the salinity reconstruction exhibits little
improvement in the NIO compared to the reconstructed field in
the climatology field, which warrants further explorations. Over-
all, the reconstructed thermohaline fields are expected to provide
essential ocean subsurface information for ocean subsurface dy-
namical environmental estimation within the MSR. They are also

expected to serve as the initial field in regional ocean models and
be assimilated into numerical reanalysis and prediction systems.
This will improve their output, particularly when in-situ subsur-
face observations are lacking.

Next, we applied the reconstructed thermohaline field to re-
produce multiscale dynamical processes. Our operational ther-
mohaline product reasonably reproduces stable seasonal vari-
ations in subsurface temperature and salinity structures, while
the climatology field tends to underestimate these variations. Re-
garding reproducing thermohaline structure changes induced by
mesoscale processes, the reconstructed field excels in character-
izing thermocline dynamics and reproducing the subsurface
warming induced by mesoscale processes. Nevertheless, there is
room for improvement in the accuracy of MODAS-reconstructed
near-surface salinity. One potential avenue for enhancing accur-
acy involves incorporating satellite-observed salinity into the re-
construction model to establish a more refined temperature-sa-
linity relationship. However, the current quality of satellite-de-
rived salinity observations exhibits considerable uncertainty and
spatiotemporal variations (Bao et al., 2019; Yan et al., 2021b),
posing a challenge in accurately gauging the extent of improve-
ment achievable by incorporating salinity data. Therefore, efforts
should be directed towards initially improving the accuracy and
stability of salinity observations in future work. Subsequent ex-



Chen Zhiqiang et al. Acta Oceanol. Sin., 2024, Vol. 43, No. 5, P. 41-53 51

before 4 d before 3 d before 2 d before 1 d after 0 d after 1 d
c ) 04
after 6 d after 7d O
0.2 =
o - £
g
jo3
E
0 1o g
g
g
after 11d after 12.d 3
Y \ £
1J o, ) g 0.2 é
® :
Coe dla > 7 | 0.4
0 after 14 d after 15d after 17d after 18 d
) D : \ ] |
‘@ 0 : ‘ f
£ 100 | | L 2
£.200 | S | y [[0e ‘
2 1 | | 4
= 300 : ( ‘ ( o% ) L 4 ‘ \
| S ! s [
wozs APV TH[e | I { \WwV (= X% \
—200 0 200 —200 0 200 -200 0 200 —200 0 200 -200 0 200 =200 0 200
Distance across TC Distance across TC Distance across TC Distance across TC Distance across TC Distance across TC
track/km track/km track/km track/km track/km track/km

Fig. 10. Subsurface temperature anomaly within 400 km across the left-hand (distance less than 0) and right-hand (distance greater
than 0) sides of the typhoon track before and after the typhoon’s passage. The green dashed line indicates the eye of the tropical cyclone.

after 1 d after 4 d
g
E
&
a
after 7d after 10 d after 11d 02
- — el P ey
g : :
£ [ f ' ' : :
g P | : o p
| a7 : :
hl | ‘ : I : 4
10 ¢
2
after 12.d after 13.d after 15d after 16 d after 17d g
0 E + - - 15}
r\gﬁ =_| =01 ~ ~ G : S g
g 100 \ : > 3 E O N E
= : T : ik g
s 200 ] : 1 ' 4 o}
2 T ] '/7 | : =]
2 300 I : / , : /\o : 02§
| 2 e | \ ] < =
400 ! L !
after 19d after 21 d after 22 d after 23 d
0 : : :
"0 i eg l—0 \ 0
Ei 100 u% b ’ [le ?
< e \ -0.4
£ 200 : [ [
8 300 ﬁ 1 i [ )
400 L Alw | LILE
=200 0 200 =200 0 200 -200 0 200 =200 0 200 =200 0 200 =200 0 200
Distance across TC Distance across TC Distance across TC Distance across TC Distance across TC Distance across TC
track/km track/km track/km track/km track/km track/km

Fig. 11. A composite temperature anomaly within 400 km across the left-hand (distance less than 0) and right-hand (distance greater
than 0) sides before and after the typhoon’s passage for all tropical cyclones (TCs) in the North Indian Ocean in 2022. The green
dashed line indicates the eye of the TC.



52 Chen Zhiqiang et al. Acta Oceanol. Sin., 2024, Vol. 43, No. 5, P. 41-53

ploration is warranted to quantify the extent to which salinity ob-
servations contribute to the enhanced reconstructability of sub-
surface salinity.

Our study of TC Malakas and a composite analysis in 2022 al-
lows us to examine the upper ocean’s response during extreme
weather events. The reconstructed temperature field effectively
reproduces subsurface variations before and after the TC pas-
sage, revealing asymmetrical variations on both sides of the TC
track during different periods. The results of these observations
indicate that our reconstructed field can provide a reasonable 3D
temperature structure of the ocean during extreme weather
events, which is crucial for enhancing the predictive capabilities
of marine environmental operational systems during extreme
weather events. The results also offer valuable insights regarding
the ocean’s response to extreme weather events.
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