Acta Oceanol. Sin., 2026, Vol. 45, No. 9, P. 1-13
https://doi.org/10.1007/s13131-026-2700-8

A modified thermal lag correction method for glider-based
salinity measurements

Xue Sun!, Hongyang Lin!-23*) Zhiyu Liu!- % 3*, Zhendong Hu!, Jiancheng Yu3-4, Minhan Dai!- 23

I State Key Laboratory of Marine Environmental Science and College of Ocean and Earth Sciences, Xiamen University, Xiamen 361102, China
2 Laoshan Laboratory Fujian Institute, Xiamen 361102, China
3 Fujian Ocean Innovation Center, Xiamen 361102, China

4 Shenyang Institute of Automation, Chinese Academy of Sciences, Shenyang 110169, China

Received 28 December 2025; accepted 27 April 2026
© Chinese Society for Oceanography and Springer-Verlag GmbH Germany, part of Springer Nature 2026

Abstract

This study introduces a new approach, termed the weighted method, for thermal lag correction in glider-based salinity
measurements. The method implements an isopycnal-dependent weighting scheme to combine two salinity datasets:
(1) data corrected using the Garau method (using downcast and upcast from a single dive as reference profiles) and
(2) data corrected using the anti-Garau method (using downcast from a dive and upcast from its preceding dive as
reference profiles). Operating in isopycnal coordinates, the weighted method naturally removes distortions caused by
internal wave-induced isopycnal displacements. Comparative analysis demonstrates the weighted method’s superior
performance over existing approaches. A key advantage of the weighted method is that it does not rely on predefined
division points, thus avoiding artificial salinity spikes as seen in the segmented method, and maintains profile
smoothness throughout the water column. Also, salinity profiles corrected by the weighted method show promising
agreement with the synchronous SBE 911plus CTD measurements, confirming the feasibility of using this method to
obtain reliable glider-measured salinity data. Notably, the method may not work well in frontal zones because the
glider’s downcast and upcast could actually sample distinct water masses which does not satisfy the presumption for
thermal lag correction.
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1 Introduction mobility generates a distinctive sawtooth trajectory, en-

abling comprehensive three-dimensional sampling of the

Underwater gliders (hereafter referred to as gliders), a
specialized category of autonomous underwater vehicles,
were first conceptualized by Henry Stommel in the late
1980s (Stommel, 1989). These innovative platforms are
specifically engineered for oceanography observations,
utilizing a network of small, cost-effective units. Gliders
achieve autonomous navigation through buoyancy con-
trol for vertical displacement and wing angle adjustments
for horizontal propulsion (Rudnick, 2016; Rudnick et al.,
2004). This unique integration of vertical and horizontal

ocean environment.

Gliders, despite their relatively simple platform de-
sign, have been successfully integrated with a variety of
advanced sensors, including Conductivity-Temperature-
Depth (CTD) sensors. While temperature measurements
are obtained directly, salinity is derived from measured
temperature and conductivity according to the equation of
state of seawater (Fofonoff and Millard, 1983). Conse-
quently, temporal and spatial mismatches between tem-
perature and conductivity measurements can significantly
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compromise the accuracy of salinity estimates (Lueck,
1990; Lueck and Picklo, 1990; Morison et al., 1994).
These measurement inconsistencies primarily originate
from three fundamental sources: (1) the physical separa-
tion between the thermistor and conductivity cell, (2) dif-
ferent response times of the sensors, and (3) thermal lag
effects caused by heat storage within the conductivity cell
(Johnson et al., 2007; Morison et al., 1994). Among these
factors, thermal lag effects exhibit the most pronounced
temporal influence, with response times typically on the
order of 10 s (Johnson et al., 2007). The thermal lag ef-
fect occurs because, as the glider moves through tempera-
ture gradients, heat stored in the conductivity cell ex-
changes with the surrounding water, which alters the con-
ductivity measured inside the cell (Garau et al., 2011). In
contrast, the temperature sensor measures the temperature
outside the cell. This process creates a temperature dis-
crepancy between the cell interior (where conductivity is
measured) and the external environment (where tempera-
ture is recorded), introducing errors in derived salinity
values. This effect is particularly evident for glider-mea-
sured salinity in regions with strong temperature gradi-
ents (e.g., thermoclines), and has been widely studied in
oceanographic research. For example, Lueck and Picklo
(1990) pioneered a numerical model to estimate conduc-
tivity at the thermistor location for Sea-Bird conductivity
cells. Morison et al. (1994) proposed an approach that
minimizes salinity separation of temperature-salinity (7-S)
curves from downcast and upcast of a yo-yo sequence of
CTD profiles.

Unlike conventional CTD systems, thermal lag correc-
tion for Glider Payload CTD (GPCTD) presents signifi-
cantly greater challenges due to three key factors:
(1) Variable profiling speed. Influenced by buoyancy ad-
justments, altitude changes, and depth variations (Liu
et al., 2015), it is difficult for gliders to maintain a con-
stant profiling speed that could be typically achieved in
shipboard CTD. (2) Low sampling frequency. GPCTDs
typically sample at 0.5—1.0 Hz, much lower than conven-
tional CTDs (24 Hz). (3) Irregular sampling intervals.
Even if programmed with a constant sampling rate, the
glider sampling interval often ends up to be irregular
(Garau et al., 2011). These operational characteristics ren-
der traditional correction techniques inadequate for
GPCTD systems.

To address these challenges, Garau et al. (2011) devel-
oped a novel methodology specially designed to correct
thermal lag errors for unpumped CTD sensors deployed
on Slocum gliders, taking into account the variations in
glider speed. Subsequent improvements to Garau’s met-
hod introduced a median filter, enhancing its capability to
process salinity measurements in regions with strong ther-
moclines (Liu et al., 2015). Troupin et al. (2015) later ex-
tended Garau’s approach to pumped CTD systems and
provided MATLAB programs (https://github.com/socib/
glider toolbox). More recent advancements have adopted
a segmented approach to thermal lag correction. For in-

stance, Chu et al. (2020) implemented a five-part segmen-
tation of salinity data based on the depth variation and de-
scending speed, while Wang et al. (2020) proposed divid-
ing each downcast and upcast profile into two segments,
utilizing temporal and spatial adjacent segments for mutu-
al calibration.

While these studies have established solid founda-
tions for GPCTD thermal lag correction, most existing ap-
proaches analyze downcast and upcast profiles in depth or
pressure coordinates. Such frameworks failed to account
for the vertical undulation of isopycnals caused by, for ex-
ample, passing internal waves. To this end, we propose an
isopycnal coordinate-based correction approach that in-
herently eliminates distortions caused by internal wave-in-
duced isopycnal displacements. Building on the segmen-
tation concept, we develop a linear weighting scheme
(termed the “weighted method”; see Section 3.2.3) for
thermal lag correction. This method uses an isopycnal-
dependent weighting function by preserving both spatial
and temporal consistency across reference profiles.

The structure of this paper is organized as follows:
Section 2 introduces the observational data collected by
gliders, and procedures for data preprocessing and quality
control. Section 3 presents principles for thermal lag cor-
rection and introduces three implementation methodolo-
gies: the Garau method, the segmented method, and our
weighted method. Section 4 compares the performance of
the weighted method with existing methods as well as ob-
servations made by the shipboard SBE 911plus CTD. Sec-
tion 5 discusses the impact of the presence of fronts on
correcting salinity profiles, and also the limitations of the
proposed method. Finally, key findings and conclusions
are summarized in Section 6.

2 Data and methods

2.1 Field observations

From March 17 to April 17, 2019, a research cruise
aboard R/V Tan Kah Kee was conducted in the North Pa-
cific Subtropical Countercurrent (STCC) region to investi-
gate physical-biogeochemical interactions within mesos-
cale eddies (Hu et al., 2023; Fig. 1). During this cruise, a
fleet of 11 Sea-Wing gliders, developed by Shenyang In-
stitute of Automation, Chinese Academy of Sciences, was
deployed to investigate a cyclonic eddy. These gliders col-
lected high-resolution measurements of temperature,
salinity, and various biogeochemical variables (e.g.,
chlorophyll, dissolved oxygen). Two types of gliders with
distinct configurations were deployed: the shallow-diving
gliders that are capable of reaching a depth of 300 m with
approximately 1 km horizontal spacing between consecu-
tive surface profiles, and the deep-diving gliders operat-
ing to 1 000 m deep with 2—3 km horizontal spacing. In
this study, we focus on data collected by glider 300K001,
a shallow-diving platform operating at a sampling rate of
0.5 Hz. This glider’s dataset serves as the primary basis
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Fig. 1. Observed cyclonic eddy superimposed with the
glider trajectory in the study region [the North Pacific Sub-
tropical Countercurrent region (STCC; 17°—19°N, 127°—
131°E)]: The figure shows sea level anomalies [SLA, col-
or shading; data obtained from Copernicus Marine Envi-
ronment Monitoring Service (CMEMS), 0.25° x 0.25°
horizontal resolution] overlaid with surface geostrophic
currents (black arrows) on April 5, 2019. The blue curve
and the red circle mark the edge and center of the ob-
served eddy (identified via py-eddy-tracker; Mason et al.,
2014; Pegliasco et al., 2022). The black line traces the tra-
jectory of glider 300K001, and the red pentagram marks
its deployment location. The green circles and yellow
rectangles represent the sampling locations of selected
Glider Payload CTD (GPCTD) and the corresponding
SBE 911plus CTD profiles used to validate the salinity
correction, respectively. The texts next to the green cir-
cles represent the identifier of glider profiles; for example,
“G3-2” represents profile pair of G3 glider’s second dive
measurement.

for demonstrating our data processing methodology and
thermal lag correction steps.

2.2 Satellite data

The satellite altimeter data are obtained from the
Copernicus Marine Environment Monitoring Service
(CMEMS, https://marine.copernicus.cu/), including the
daily gridded Sea Level Anomaly (SLA), and its associat-
ed geostrophic current anomalies at 0.25°x0.25° resolu-
tion. The daily SST of Himawari-8 is downloaded from
the Japan Aerospace Exploration Agency (https:/www.
eorc.jaxa.jp/ptree/index.html).

2.3 Data processing and quality control steps

The data processing and quality control for GPCTD
salinity measurements are comprised of three sequential
steps: (1) data preprocessing, (2) sensor correction, and
(3) thermal lag correction and final filtering.

2.3.1 Data preprocessing

The preprocessing step involves identification and re-
moval of abnormal data according to the following crite-
ria. (1) Profiles containing only downcast or upcast data.
(2) Profiles with consistently zero pressure or anomalous
pressure readings; In this study, data points with a pres-
sure difference greater than 2 m between adjacent sam-
ples are defined as pressure-anomalous data. If such ano-

malous data points exceed 10 within a single glider dive
cycle, the entire profile is classified as a pressure-anoma-
lous profile. If the number of anomalous data points is less
than 10, the profile data is retained, but the corresponding
values are set to NaN. (3) Profiles with discontinuous
sampling times. (4) Profiles exhibiting high-frequency
pressure oscillations. (5) Profiles whose maximum sam-
pling depth is significantly shallower than the glider’s pre-
set depth.

Among the 499 pairs of profiles collected by glider
300K001, four pairs of abnormal profiles (the 1st, 52nd,
328th and 444th profiles) were identified and excluded
from further analysis (Fig. S1). Profile 1 was excluded
because its maximum sampling depth of approximately
120 m was significantly shallower than the glider’s preset
depth. Profiles 52 and 328 were classified as pressure-
anomalous profiles, while Profile 444 consisted of no
downcast profile.

2.3.2 Sensor correction

The sensor correction process eliminates the short-
time mismatches between the thermistor and conductivity
cell measurements, primarily caused by their physical sep-
aration and differing response time. Although previous
studies (e.g., Johnson et al., 2007) have shown that errors
caused by these short-time mismatches are generally
smaller than thermal lag errors, Bishop (2008) suggested
that sensor correction effectively reduces small-scale
salinity spikes. Our analyses of 495 pairs of salinity pro-
files from glider 300K001 confirm that sensor correction
significantly smooths out small-scale fluctuations in ob-
served salinity profiles (compare black and green profiles
in Fig. 2). To solve the short-time mismatching issue, two
parameters are adopted during the sensor correction pro-
cess, namely the time shifts for temperature (7¢) and con-
ductivity (7¢). After a systematic test, a pair of suitable
time shifts was set to 7, = 0.7 sand 7. = 0.5 s.

2.3.3 Thermal lag correction and final filtering

The fundamental scientific hypothesis of thermal lag
correction is that two mutually corrected reference pro-
files measure the same water column. Hence, after sensor
correction, the thermal lag correction is implemented by
minimizing salinity differences between the downcast and
upcast reference profiles (detailed in Section 3). Finally,
we apply a median filter with a window length of seven
data points ( Liu et al., 2015) to the thermal-lag-corrected
salinity data, producing the final “corrected salinity” pro-
files.

Using a pair of representative profiles, Fig. 2 illustra-
tes an example showing the progressive improvement in
salinity data through each processing step mentioned
above. The original downcast and upcast salinity profiles
exhibit a significant mismatch (black lines in Fig. 2), es-
pecially between potential density o, = 23.5 kg/m3 and
0y = 25.0 kg/m3 isopycnal surfaces. After sensor correc-
tion, a notable reduction in small-scale salinity spikes is
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Fig. 2. A correction example using a pair of salinity profiles in isopycnal coordinates (o, denotes potential density).
a. The original and corrected entire downcast and upcast salinity profiles and b—d. the enlarged views of the progres-
sive improvement in salinity data highlighted by blue boxes in a. The red dots in a mark the depths of 100 m, 150 m,
200 m, and 300 m. The black lines represent the original salinity calculated from measured temperature and conductivi-
ty, the green lines represent the salinity after sensor correction, the red lines represent the salinity after thermal lag cor-
rection, while the thick light and dark blue lines indicate the corrected salinity for the upcast (corrected,,) and down-

cast (corrected,,,

) profiles with a median filter, respectively. The salinity after each correction step is plotted in its re-

spective isopycnal coordinate (i.e., raw salinity on the original isopycnal coordinates, sensor corrected salinity on the
sensor corrected isopycnal coordinates, thermal lag corrected salinity on the thermal lag corrected isopycnal coordi-

nates, and so on).

observed (green lines in Fig. 2), and the thermal lag cor-
rection dramatically reduces salinity differences between
downcast and upcast profiles (red lines in Fig. 2). A sub-
sequent median filter further smooths out small-scale fluc-
tuations in the thermal lag corrected salinity profiles (light
and dark blue lines in Fig. 2) while preserving essential
oceanographic features. The final corrected profiles exhib-
it a much better agreement between the downcast and up-
cast measurements, demonstrating that the thermal lag er-
rors have been eliminated, and that the corrected salinity
data can be used for subsequent scientific analysis and in-
terpretation.

2.4 Statistical quantities for evaluations

To conduct quantitative comparisons of the three
methods in correcting salinity profiles, we use a set of sta-
tistical quantities as follows.

(1) Salinity difference (SD) and absolute mean salini-
ty difference (AMSD)

SD=S4-Su, (1)
N
AMSD = Z + ISDil. )
i=1
M1
AMSDyer g = Zl v Z} ~ ISDil. 3)
= =

where Sq and S, represent the reference downcast and
upcast salinity profiles, respectively. In Eq. (2), i repre-
sents the profile number, and N is the total number of pro-
files (V = 495). AMSD is the absolute mean salinity dif-
ference averaged over all profiles at each isopycnal levels,
forming an averaged profile. In Eq. (3), j represents the in-
dex of vertical sampling points (isopycnal levels), and M
is the total number of sampling points. AMSD,,,,, is the
vertical-averaged AMSD, calculated by averaging the
AMSD profile vertically, yielding a single representative
value.

(2) Error reduction rate (ERR)

The ERR quantifies the improvement in salinity dif-
ference between the reference downcast and upcast pro-
files after thermal lag correction, which is calculated by

ERR = AMSDver—avg,original - AMSDver—avg,corrected x
AMSDver—avg,original

100%, “

where  AMSD, o original~ denOtes  vertical-averaged
AMSD for the original (uncorrected) profile, and
AMSD .\ ave correctea TePresents the corresponding profile
after all corrections.

3 Thermal lag correction

3.1 Principles of thermal lag correction

Thermal lag correction is mainly based on Lueck’s
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theoretical model (Lueck, 1990), and can be achieved via
two approaches: (1) estimating conductivity at the ther-
mistor location (i.e., outside the conductivity cell) or (2)
estimating temperature inside the conductivity cell.

For the first approach, the conductivity correction
(C7(k)) can be expressed as follows (Lueck and Picklo,
1990):

Cr(k) =-bCrk—=D)+ya[T(k)-T(k-D],  (5)

where Cy(k) is the thermal-lag correction to conductivity
at the k-th sampling point within a profile, 7(k) is the mea-
sured temperature at that point, and 7y is the sensitivity of
conductivity to temperature. The coefficients a and b are
given by

_ 4fnap
I ans ©)
p=1-22, )
a

where fx is the Nyquist sampling frequency, @ and 3 are
the correction parameters of error amplitude and time lag
constant, respectively. Morison et al. (1994) showed that
there is a relation between @, 8 and flow speed (flushing
rate) through the conductivity cell:

0.024 6
@=00135+ : (8)
%
27858
B=7.1499 + , 9)
Vv

where V' is the flow speed (in m/s) through the conductivi-
ty cell. For pumped CTDs, the flow speed remains rela-
tively steady, resulting in constant values for @ and .
However, for unpumped CTDs, the parameters @ and 8
shall not be calculated using Eqs (8) and (9) since the as-
sumption of constant flow speed is no longer satisfied. To
solve this problem, Garau et al. (2011) modified the ex-
pressions for @ and S as follows:

s
a(k):ao+m, (10)

Bs
NG)

where the subscripts o and s indicate the offsets and
slopes for @ and 3, respectively. V¢(k) is the speed of the
flow, which is a variable parameter. To estimate @ and 8
[Egs (10) and (11)], it is essential to determine the param-
eters [@o, @s, Bo, Bs]. To sum up, the first thermal lag
correction approach estimates the actual conductivity by

Bk) =B + D

adding the conductivity correction (C;) to the measured
conductivity (C,,.,;) (Garau et al., 2011), and then calcu-
lates salinity using the actual conductivity along with the
measured temperature.

For the second approach, the temperature correction
(T{(k)) can be expressed as follows (Morison et al., 1994):

Tr(k) =-bTrk—1)+alT(k)-T(k-1)], (12)
where coefficients ¢ and b are computed according to
Egs (6) and (7). This approach is simpler and computa-
tionally more efficient than the first approach, because it
does not rely on the estimate of sensitivity y. In this case,
subtracting the temperature correction (77;) from the mea-
sured temperature (7,.,) gives the actual temperature
(Garau et al., 2011), which can be used to calculate salini-
ty along with the measured conductivity.

3.2 Practical thermal lag correction methods

3.2.1 Garau method

Building upon established theoretical foundations, Ga-
rau et al. (2011) developed an innovative methodology for
correcting thermal lag errors in unpumped CTD data from
Slocum gliders. This method is not only flexible to apply
to CTD profiles from autonomous platform, but can also
incorporates the variations in glider speed. Subsequently,
Troupin et al. (2015) extended this approach to pumped
CTD systems. This thermal lag correction algorithm was
made publicly accessible as a MATLAB toolbox, which
has been widely adopted in numerous studies (e.g., Liu
et al., 2015; Ruiz et al., 2012; Yang et al., 2022). The tool-
box operates in two modes: (1) for pumped CTD, it re-
turns a two-element parameter vector [a, 5] representing
error magnitude and error time constant, respectively; (2)
for unpumped CTD, it returns a four-element vector
[@o, s, Bo, Bs] that includes both offset and slope pa-
rameters for error magnitude and error time constant. In
our implementation, we utilize the pumped CTD code
from this toolbox to derive the @ and B parameters for
each pair of downcast and upcast profiles. For conve-
nience, we designate this approach as the Garau method.
Figure 3a illustrates the selection scheme of reference pro-
files employed in the Garau method.

3.2.2 Segmented method

In the Garau method, thermal lag correction is imple-
mented by selecting downcast and upcast profiles from a
single glider dive as a reference pair (Fig. 3a, blue lines).
However, due to the glider’s sawtooth sampling trajecto-
ry, these reference profiles exhibit natural spatiotemporal
discrepancies in shallow waters (e.g., above the pycno-
cline). To address this limitation and better satisfy the fun-
damental assumption of thermal lag correction, Wang et al.
(2020) proposed an approach that used distinct selection
strategies for reference profiles in different ocean layers.
Building upon this foundation, we implement the seg-
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Fig. 3. Conceptual diagrams of glider trajectories and reference profiles for thermal lag correction using the Garau (a),
segmented (b), and weighted (c) methods. The sawtooth pattern represents the glider sampling trajectory, with the
ocean surface indicated by the blue curves. The horizontal distance between consecutive surface points is approximate-
ly 1 km. For simplicity, the underwater paths are illustrated as straight lines. a. In the Garau method, the downcast and
upcast from a single dive cycle (blue lines) are paired as reference profiles. b. In the segmented method, the reference
pair for the upper ocean (o, < 24.34 kg/m?3) consists of the upcast from the (n — 1)-th dive and the downcast from the
n-th dive (red lines). For the lower ocean (o, > 24.34 kg/m?), the reference pair is the downcast and upcast from the n-th
dive (blue lines). The 24.34 kg/m?3 isopycnal surface (green line) separates these two layers. ¢. In the weighted method,
the first reference dataset follows the Garau method (blue lines), while the second dataset follows the anti-Garau
method (see Section 3.2.2; red lines). The percentages in blue and red illustrate the varying weights assigned to each

dataset.

mented method adopting a similar dual-reference scheme:
the upper ocean (o, < 24.34 kg/m?) correction employs
data from the upcast of the (» — 1)-th glider dive and the
downcast of the n-th glider dive as a pair of reference
profiles (Fig. 3b, red lines), while the lower ocean (o, >
24.34 kg/m?3) correction uses the downcast and upcast pro-
files from the n-th dive (Fig. 3b, blue lines). The transi-
tion depth between the upper and lower ocean is deter-
mined by analyzing the original (uncorrected) absolute
mean salinity difference (AMSD ;) curves from two com-
plementary datasets. The determination procedure for seg-
mentation points involves three steps.

(1) Compute the AMSD_; using reference profiles se-
lected by the Garau method (i.e., downcast and upcast
from a single dive; Fig. 3a, blue lines).

(2) Repeat the AMSD,; calculation using the anti-Ga-
rau method, where the reference profiles are taken from
the upcast of the (n — 1)-th dive and the downcast of the n-
th dive (Fig. 3c, red lines).

(3) Identify the isopycnal surface where the AMSD_;
curves from the Garau and anti-Garau methods first inter-
sect, located near the peak of the AMSD _; curves (Fig. S2).
This surface is then selected as the segmentation point for
the segmented method.

Notably, the anti-Garau method demonstrates slightly

lower AMSD,_; values in lighter water masses (o, <
24.34 kg/m?), while the Garau method yields smaller
AMSD ; values in denser water masses (o, > 24.34 kg/m?;
Fig. S2). Hence, we designate the isopycnal surface of
24.34 kg/m3 as the division point for the segmented met-
hod. Specifically, for the upper ocean (g, < 24.34 kg/m?),
salinity correction uses reference profiles from the upcast
of the (n — 1)-th dive and the downcast of the n-th dive;
for the lower ocean (o, > 24.34 kg/m?), we use reference
profiles from the downcast and upcast of the n-th dive
(Fig. 3b).

3.2.3 Weighted method

Building upon the segmentation concept, here we pro-
pose the weighted method to enhance the spatial and tem-
poral consistency of each pair of reference profiles. This
approach consists of four steps.

(1) Perform thermal lag correction using reference
profiles from a single dive (Fig. 3c, blue lines) following
the Garau method, generating the first corrected salinity
dataset.

(2) Apply thermal lag correction using reference pro-
files from consecutive dives (i.e., upcast from the (n — 1)-
th dive and the downcast from the n-th dive; Fig. 3c, red
lines) following the anti-Garau method, yielding the sec-
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ond corrected salinity dataset. This dual-correction strate-
gy ensures that each profile (except for the initial and fi-
nal dives) has two independent salinity datasets.

(3) Interpolate the above two datasets onto a weight-
ing transition zone with a potential density interval of
0.002 kg/m3. This zone is defined to encompass the glider’
s maximum dive depth. For the 300K001 glider, which
has a maximum dive depth of approximately 300 m, the
weighting transition zone corresponds to the isopycnal
range of 22—26 kg/m3. This range should be adjusted ac-
cordingly if the glider’s maximum dive depth or the ambi-
ent potential density changes.

(4) Combine the two interpolated datasets using a lin-
ear weighting scheme based on the vertical isopycnal po-
sitions. Specifically, within the 22-26 kg/m? weighting
transition zone (at the interval of 0.002 kg/m?3), each
isopycnal surface is assigned a specific weight for the Ga-
rau and anti-Garau methods. The final salinity value is
computed as the weighted average of the salinity values
from the two methods. For example, on the top isopycnal
surface (o, = 22 kg/m3), the anti-Garau method is as-
signed 100% weight while the Garau method is 0%; on
the second top surface (g, = 22.002 kg/m?), weights shift
to 99.95% (anti-Garau method) and 0.05% (Garau
method), and so on.

This proposed weighted method ensures that salinity
values derived from the Garau method dominate at greater
depths, while those from the anti-Garau method dominate
near the sea surface. By integrating the two approaches
through weighted averaging, we leverage their respective
strengths while minimizing their individual limitations.

4 Results

4.1 Comparing the weighted method with exis-
ting methods

To evaluate the performance of the weighted method,
we conduct a systematic comparison between its correct-
ed salinity data and those by existing methods (Garau and
segmented methods). The assessment starts from a pair of
profiles followed by a statistical comparison across all
profiles.

4.1.1 A pair of salinity profiles

We select a typical pair of glider-measured salinity
profiles to conduct the comparison. Influenced by the
thermal lag effect, the original downcast and upcast exhib-
it significant salinity differences, with the salinity mea-
sured in the downcast profile consistently higher than the
upcast in both pressure (Figs 4a—c) and isopycnal coordi-
nates (Figs 4g—i). After correction, all three methods (the
Garau, segmented, and weighted methods) substantially
reduced these salinity differences between the reference
profiles (only above o, = 24.3 kg/m? isopycnal surface is
shown for a better view; Figs 4d—f and j—1), demonstrat-
ing that thermal lag errors can be effectively mitigated by

both the proposed weighted method and existing methods
(Garau and segmented methods). Notably, while vertical
mismatches persist between downcast and upcast of the
corrected profiles in pressure coordinates (Figs 4d-f),
these mismatches are significantly alleviated in isopycnal
coordinates (Figs 4j—1). This might be due to the passage
of internal waves during the measurement period that in-
duced vertical displacements of isopycnal surfaces. Hence
the misalignments seen in pressure coordinates would
largely disappear in isopycnal coordinates. This finding
underscores the importance of performing and evaluating
thermal lag correction in isopycnal coordinates or 7-S dia-
grams, particularly for salinity measurements influenced
by internal waves.

The initial evaluation using a pair of profiles indicat-
ed that the weighted method reduces thermal lag errors as
effectively as existing methods (Garau and segmented
methods). To further validate the performance of the
weighted method, we conducted a comprehensive statisti-
cal analysis using 495 profile pairs.

4.1.2 Statistical analyses across all salinity profiles

By calculating the salinity difference (SD) between
the downcast and upcast of each pair of the 495 profiles, it
is shown that the original SD values span a range of
+0.15 (Figs 5a—c), while the corrected SD show substan-
tially narrower ranges, depending on the methods used for
correction (Figs 5d—f). Notably, positive SD values were
substantially reduced, whereas negative SD values show-
ed minimal change, as expected from the thermal lag ef-
fects. Assuming that seawater temperature decreases with
depth (which is often the case), thermal lag effect would
induce a slight positive salinity error during the downcast
profiling and a slight negative salinity error during the up-
cast profiling. Excluding errors induced by other process-
es, the downcast-minus-upcast SD caused by thermal lag
effect should be positive (Chu et al., 2020). The marked
reduction in positive SD values confirms the effective-
ness of all three methods in mitigating thermal lag errors.
Among them, the weighted method yields the narrowest
SD range (+0.05; Fig. 5f) for corrected profiles, along
with the smallest vertical-averaged AMSD (0.003 0) and
highest ERR (90.3%) compared to the existing methods
(Garau and segmented methods; Table 1). These results
support our hypothesis that the effectiveness of thermal
lag correction improves when reference profiles are more
closely matched in time and space, and thus better satis-
fies the assumptions of the thermal lag correction.

Compared with the segmented method, the weighted
method eliminates artificial salinity spikes (Figs Se and f).
The segmented method corrects salinity using different
reference profiles above and below a predefined division
point, potentially introducing discontinuous and artificial
salinity spikes. In contrast, the weighted method operates
without preset division points, thereby naturally removes
such discontinuities. Besides, the larger AMSD in the seg-
mented method compared with the Garau method
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Fig. 4. Comparisons of the weighted method with existing methods (Garau and segmented methods) in both pressure
and isopycnal coordinates. a—f. Salinity profiles in pressure coordinates, and g—I. corresponding profiles in isopycnal
coordinates. a—c and g—i show original (uncorrected) salinity profiles, while d—f and j—I display the corrected profiles.
Blue lines and red lines indicate downcast and upcast salinity profiles, respectively.

(Table 1) is caused by systematic errors at the division values in parentheses).

points. This is supported by the fact that when data near These findings demonstrate that the weighted method
division points are excluded, the segmented method’s outperforms existing methods (Garau and segmented
AMSD becomes smaller than the Garau method’s (Table I, methods) in thermal lag correction. Specifically, it offers
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Fig. 5. Distribution of salinity differences (SD) between reference profiles for the Garau (a, d), segmented (b, ¢), and
weighted (c, f) methods in isopycnal coordinates. a—¢ Original (uncorrected) SD distributions with dashed lines indi-
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denotes the 24.34 kg/m? isopycnal surface (division point), while blue lines indicate the o, = 24.1 kg/m? and g, =
24.6 kg/m3 isopycnal surfaces (corresponding to transition zone near the division point; see Table 1), respectively.

Table 1. Vertical-averaged absolute mean salinity differ-
ences (AMSD,, ,,,) between the referenced downcast and
upcast of each pair of the 495 profiles

Original ~ Corrected  Error reduction
Method
AMSDvcr—avg AMSDvcr—avg rate (ERR)/ %
Garau method 0.0312 0.004 7 84.9
Segmented method  0.030 9 0.004 9 84.1
(0.028 5) (0.003 5) (87.7)
Weighted method ~ 0.030 9 0.003 0 90.3

Note: Parenthetical values indicate the AMSD,, ,,,, and ERR
calculated after excluding data within the transition zone (between
0y =24.1 kg/m? and g, = 24.6 kg/m? isopycnal surfaces) for the

segmented method.

two key advantages: (1) It achieves the smallest corrected
AMSD,, ,,, (0.003 0) and highest ERR (90.3%) among
the tested methods; (2) It avoids introducing the artificial
salinity spikes inherent to the segmented method at the di-
vision points, thereby maintaining smoothness for the cor-

rected profile.

4.2 Validation of the weighted method against
SBE 911plus CTD data

To validate the accuracy of salinity profiles corrected
by the weighted method, we select five synchronous SBE
911plus CTD (for simplicity, denoted as CTD) casts mat-
ching glider profiles for comparison. These CTD casts sat-
isfy the following criteria: (1) temporal difference < 2 h

(Table S1), and (2) spatial separation < 0.1° (about 10 km)
in both longitude and latitude (Fig. 1, green circles for
glider positions and yellow rectangles for CTD stations).
The comparison demonstrates close agreement bet-
ween salinity profiles corrected using the weighted met-
hod and shipboard CTD measurements throughout the
water column (Figs 6a—e). Notably, the weighted method
accurately captures salinity variations even in the thermo-
cline region where temperature gradients are the largest.
Statistical analysis reveals a strong linear correlation
(about 1.0) between weighted method-corrected glider
salinity and CTD measurements (Fig. 6f). While minor
discrepancies appear in the upper-ocean water column
(0, < 24 kg/m3) for Profile G4-2—potentially attributable
to other physical processes—the overall consistency be-
tween the two datasets (glider-based salinity measure-
ments vs. CTD salinity data) provides robust effective-
ness of the weighted method in thermal lag correction.

5 Discussion

5.1 Impact of fronts on profile corrections

Theoretically, if all profiles satisfy the basic assump-
tion of the thermal lag correction—the upcast and down-
cast sampling the same water mass —the corrected pro-
files should converge perfectly. However, some corrected
salinity profiles still exhibit notable misalignments be-
tween the downcast and upcast (e.g., Fig. 7a). We suspect
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this is because the glider was traversing frontal areas
where strong lateral thermohaline gradients exist along
isopycnals; in this case the glider downcast and upcast
were profiling different water masses, and thus violate the
above assumption.

To verify this hypothesis, we examine a pair of adja-
cent salinity profiles (upcast from the (n — 1)-th dive and
downcast from the n-th dive) collected near the edge of a
cyclonic eddy on April 12, 2019 (Fig. 7e, magenta point).
These profiles are selected as reference pairs (denoted as
m) given their high consistency (weight) in the shallow
water. Our analysis reveals persistent misalignments after
corrections, most pronounced along the o, = 22.8 kg/m?
and o, = 23.7 kg/m? isopycnals (Fig. 7a). Intriguingly, the
upcast profile of Pair m shows better alignment with the
preceding profile (m — 1) (Fig. 7b), while its downcast
profile aligns more closely with the subsequent profile
(m + 1) (Fig. 7c). This pattern is quantitatively supported
by absolute salinity difference distribution (Fig. 7d) and
vertical-averaged absolute salinity difference (ASD,, ,,,)
values: the ASD,, .., value between the downcast and up-
cast of Pair m (0.008 5) exceeds that either between its up-
cast and the preceding profile (0.006 5) or between its
downcast and the subsequent profile (0.004 0). These re-
sults suggest that the downcast and upcast of Pair m in-
deed sampled distinct water masses. As the upcast and

downcast profiles of Pair m are located near the edge of an
eddy (Fig. 7e, magenta point), where relatively strong
density gradients (i.e., fronts) are expected (e.g., Capet
et al., 2008). Hence these glider measurements serve as
partial observational evidence for the presence of fronts at
eddy peripheries, as well as their impact on the observed
salinity misalignments.

To further examine the relationship between salinity

misalignments and frontal structures, we analyze the cross-
sectional distributions of potential temperature (Fig. 8a),
salinity (Fig. 8b), and salinity gradients (Fig. 8c) along the
trajectory of glider 300K001 from March 29 to April 14,
2019 in isopycnal coordinates, all derived from profiles
corrected by the weighted method. The salinity gradients
(Fig. 8c) and ASD,, ., (Fig. 8d) serve as indicators of
frontal positions. Our analysis reveals that regions with
strong temperature and salinity variability in isopycnal co-
ordinates (Figs 8a—b) correspond precisely with areas of
enhanced salinity gradients and large ASD,. .,
(Figs 8c—d). This demonstrates that when glider traverses
frontal zones, its downcast and upcast profiles sample dis-
tinct water masses, resulting in significant salinity differ-
ences, particularly in regions with pronounced thermoha-
line gradients.

Further investigation shows that regions with large
salinity gradients and elevated ASD values are gen-

values

ver-avg
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Fig. 7. Salinity profiles near a cyclonic eddy periphery in isopycnal coordinates. a. Salinity profiles from Pair m show-
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and its subsequent profile (black). d. Salinity differences
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overlaid with surface geostrophic currents (black arrows) on April 12, 2019. The blue curve and the red circle mark the
edge and center of the observed eddy. The black line traces the trajectory of glider 300K001. The magenta point marks

the sampling position of glider profile Pair m.

erally associated with abnormal values of the thermal lag
correction parameters (o and f), albeit with some excep-
tions (Figs 8c—e). These correlations suggest that frontal
structures and the associated thermohaline anomalies in-
troduce uncertainties into thermal lag correction, and thus
underscore the profound impact of mesoscale and subme-
soscale features on the accuracy of glider-based salinity
measurements (e.g., Qiu et al., 2025).

5.2 Limitations of the weighted method

While the proposed weighted method demonstrates
improved performance over existing approaches, several
limitations are worthy of discussion. First, the linear
weighting scheme relies on the vertical position of isopy-
cnals while neglecting the influence of vertical physi-
cal processes (e.g., thermocline variabilities) on thermal
lag correction. Future work could further optimize the
weighting configuration by incorporating specific phy-
sical processes. Second, the validation of salinity cor-
rections in frontal regions (e.g., eddy peripheries) re-
mains challenging given the lack of synchronized SBE
911plus CTD measurements. Future studies should ac-
quire concurrent high-resolution CTD data in frontal
zones to enable a more robust validation of the weighted

method.
6 Conclusions

This study presents a modified thermal lag correction
approach, termed the weighted method, specifically de-
signed for glider-based salinity measurements. This ap-
proach leverages the distinctive V-shaped sampling pat-
tern of gliders through a linear weighting scheme taking
into account the spatiotemporal proximity of reference pro-
files. Our key findings demonstrate:

(1) When compared with existing methods (Garau and
segmented methods), the weighted method shows superi-
or performance in thermal lag correction, achieving both a
lower vertical-averaged absolute mean salinity difference
(0.003 0) between the corrected downcast and upcast pro-
files and a higher error reduction rate (90.3%). The weight-
ed method also eliminates artificial salinity spikes that are
characteristic of the segmented method.

(2) The weighted method operates thermal lag correc-
tion in isopycnal coordinates, which naturally removes
distortions caused by internal wave-induced isopycnal dis-
placements, and thus possesses an inherent advantage
over those based on pressure coordinates.
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(3) Validation against the SBE 911plus CTD measure-
ments confirms the reliability of the weighted method in
obtaining accurate glider-measured salinity data after ther-
mal lag correction.

(4) In regions with strong salinity gradients (e.g.,
fronts, eddy boundaries), mismatches between the correct-
ed downcast and upcast profiles can still exist because the
glider downcast and upcast would be sampling different
water masses in such regions, which violates the basic as-
sumption of thermal lag correction.
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Supplementary information:

Fig. S1. Pressure variations with sampling points for four abnormal profiles. The maximum sampling depth of the first profile is

approximately 120 m, which is significantly shallower than the glider’s preset depth. Profiles 52 and 328 are pressure-anomalous

profiles. Profile 444 contains only upcast data.

Fig. S2. Comparison of original (uncorrected) absolute mean salinity difference (AMSD,

methods in isopycnal coordinates. a. AMSD,;

o) between the Garau and anti-Garau

profiles for the Garau method (blue line) and anti-Garau method (red line). b. Magni-

fied view of the red boxed area in a. The black dashed line in both panels indicates the o, = 24.34 kg/m?3 isopycnal surface. The grey

dashed lines in b denote the o, = 24.462 kg/m? and o, = 24.48 kg/m? isopycnal surfaces.

Table S1. Sampling time and position records for glider and SBE 911plus CTD measurements
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