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Abstract: In addition to the sea level (SL) change, or anomaly (SLA), due to ocean thermal expansion,
total steric SLA (SSLA, all change to the existing volume of ocean water) is also affected by ocean
salinity variation. Less attention, however, has been paid to this halosteric effect, due to the global
dominance of thermosteric SLA (TSLA) and the scarcity of salinity measurements. Here, we analyze
halosteric SLA (HSLA) since 2005, when Argo data reached near-global ocean coverage, based on
several observational products. We find that, on global average, the halosteric component contributes
negatively by ~5.8% to SSLA during the 2005–2015 period, and reveals a modest correlation (~0.38)
with ENSO on the inter-annual scale. Vertically, the global ocean was saltier in the upper 200-m and
fresher within 200 to 600-m since 2005, while the change below 600-m was not significantly different
from zero. The upper 200-m changes dominate the HSLA, suggesting the importance of surface fresh
water flux forcing; meanwhile, the ocean dynamic might also play a role. The inconsistent pattern
of salinity trend between upper 200-m and 200 to 600-m implies the importance of ocean dynamics.
Our analysis suggests that local salinity changes cannot be neglected, and can even play a more
important role in SSLA than the thermosteric component in some regions, such as the Tropical/North
Pacific Ocean, the Southern Ocean, and the North Atlantic Ocean. This study highlights the need
to better reconstruct historical salinity datasets, to better monitor the past SSLA changes. Also, it is
important to understand the mechanisms (ocean dynamics vs. surface flux) related to regional ocean
salinity changes.
Keywords: sea level; halosteric; Argo; thermosteric; salinity; climate change

1. Introduction
The Sea level change, hereafter referred to as sea level anomaly (SLA) to denote change from
the long-term mean, is one of the central climate metrics, a measure and consequence of the ongoing
global warming. SLA is particularly crucial for the coastal areas that are expected to become more
vulnerable to land loss. Therefore, monitoring present SLA, understanding its cause, and projecting
future SLA are important topics in climate researches.
Generally, the total SLA can be divided into steric sea level and barystatic sea level components.
Total steric sea level anomaly (SSLA) represents all SLA, due to ocean volume increase or decrease
(caused by temperature and salinity variations) [1]. Temperature change causes “thermosteric” SLA
(TSLA, thermal expansion/contraction of ocean volume), while salinity change leads to “halosteric”
SLA (HSLA, saline contraction/expansion of ocean volume). The ocean expands as it warms, which is
linked to the thermosteric component of sea level. Seawater density is also a function of salinity: higher
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concentration of salt increases the water density and compresses the ocean volume. The halosteric
component of SLA is coupled to barystatic SLA, the addition or subtraction of (water) mass to the
ocean. To a global approximation over time scales smaller than geologic, the ocean is neither gaining
nor losing salt, so any change in globally integrated ocean salinity is linked to addition or subtraction
of freshwater.
Many efforts have been made to improve the assessment of historical TSLA and understand its
variations [2–7]. However, the salinity-driven HSLA is still poorly understood, and many important
scientific questions remain to be fully addressed; e.g.., how much does HSLA contribute to SSLA?
What are the mechanisms controlling the salinity changes? This is partly because the effect of salinity
on a volume of water is small, compared with the effect of temperature, and has been assumed to be
negligible (Warrick et al., 1996). Also, the scarcity of historical salinity observations [8] impede the
accurate assessment of past salinity change: Pre-Argo era (before 2005), the salinity measurements
mainly came from CTD, Niskin and Nansen (bottle) casts, and amounted to only ~30% of global total
temperature observations [9].
Some observational [2,10–13] and reanalysis-based [14] studies have already examined the long
term changes of HSLA and highlighted its importance in both regional and global scales. For example,
Levitus et al. (2005) analyzed the zonal-averaged HSLA trend during 1955 to 1998, based on the World
Ocean Database 2001 (WOD01), and found an opposite trend (compared to the TSLA trend in the
Atlantic, a portion of the Pacific (34◦ N–45◦ N and 22◦ S–38◦ S regions), and the Indian Ocean (a major
exception being 28◦ S–38◦ S)) [11]. This highlights the rich variability of ocean salinity.
Careful analyses on salinity budgets in the ocean mixed layer have connected the salinity changes
with both ocean dynamic process (advection, diffusion etc.) and fresh water flux forcing [15–18].
The long-term ocean salinity change is dominated by the freshwater flux over the sea surface [9,15].
Observational consistency between long-term ocean salinity trends and surface freshwater flux
patterns [19,20] provides key evidence for the intensification of the global hydrological cycle [21–23].
On a multi-decadal scale, the halosteric effect contributes to maintaining the thermohaline circulation;
hence, its change in the Atlantic Ocean has been long monitored and discussed [2,9,19,20,24,25]. All of
these studies suggest that HSLA experienced a non-negligible long-term change. However, rate of
long-term HSLA and to what extent it contributes to SSLA is still unclear.
The distribution of salinity in the oceans and adjacent seas varies geographically and with time.
Salinity is changed near the sea surface by freshwater flux (evaporation minus precipitation, E-P),
salt exclusion associated with sea ice formation, and water input by river runoff [26]. Geographical
variations in inputs create regional differences in salinity at the sea surface. Ocean dynamic processes
(such as advection, mixing, and diffusion, etc.) carry these differences along, creating large-scale
salinity patterns throughout the ocean. On inter-annual scales, ocean salinity is affected by both
freshwater flux and ocean circulation variations, which are closely linked to typical interannual
variabilities, such as El Niño-Southern Oscillation (ENSO) [14,27,28]. Specifically, Llovel and Lee (2015)
highlighted the importance of salinity in positive SSLA in the southeast tropical Indian Ocean during
2005–2013, and provided a hypothetical explanation that an enhanced precipitation in the Maritime
Continent region and the observed strengthening of the Indonesian Through Flow (ITF) may account
for its origin [29].
Salinity observations have dramatically increased in the recent decade (since 2005), when the Argo
data achieved and maintained near-global coverage, dominating the ocean subsurface observations.
This provides an opportunity to quantify the contribution of HSLA to the SSLA, by using various
independent ocean products for the time period 2005–2015, and also to investigate its regional and
vertical changes. This study is organized as follows: Section 2 describes the data and methods used in
this study; Section 3 shows the spatial-temporal variability of HSLA, and its role in SSLA during Argo
period; Finally, a summary and discussion is given in Section 4.
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2. Data and Methods
2.1. Gridded Temperature and Salinity Products
Five different Argo-based temperature (T) and salinity (S) gridded products are used in this study,
provided by the following groups: the Japanese Agency for Marine-Earth Science and Technology
(JAMSTEC), the Scripps Institution of Oceanography (SCRIPPS), the UK Met Office (EN4), the National
Center for Environmental Information (NCEI, the World Ocean Database), and the Institute of
Atmospheric Physics (IAP). IAP analysis only provides gridded temperature data currently [30,31],
so the salinity analyses shown below are based on the former four products. These data sets are all
monthly datasets, with the horizontal resolution of 1◦ × 1◦ (from surface layer down to at least 2000-m),
and are available for the period of January 2005 to December 2015. In addition, NCEI provides the
HSLA estimates since 1955 (from five year running means), so we can compare HSLA during the Argo
era with long-term change since 1955, to put the Argo-based analysis into long-term perspective.
The major data source of all these products since 2005 is Argo (SCRIPPS) and the World Ocean
Database (EN4, NCEI, JAMSTEC and IAP), including Argo, so a large portion of raw data is the
same. The differences among the five analyses reveal the uncertainty in the quality-control processes,
mapping methods, and the additional datasets, etc. For example, SCRIPPS analysis only uses Argo
profiles to fill the data gaps, while EN4 and NCEI analyses use CTD, bottle, and other in-situ
observations, in addition to Argo data. The NCEI uses an objective analysis technique, modified from
meteorological use [32], and the other four datasets are based on the Optimal Interpolation method.
2.2. Methods
SSLA, HSLA, and TSLA are calculated by integrating the temperature and salinity anomaly
between a definitive layer using the following equations [33]:
SSLA =

Z h2
h1

TSLA =
HSLA =


αT 0 − βS0 dz
Z h2
h1

Z h2
h1

(1)

αT 0 dz

(2)

− βS0 dz

(3)

where α and β are the thermal expansion and saline contraction coefficient respectively, calculated
from monthly temperature and salinity (following the method in (McDougall, 1987 [34])). Parameter
h1 and h2 define the lower and upper limits of the layer depth, and the largest value for h1 is set as
2000-m, which is the maximum depth of SCRIPPS, IAP, and JAMSTEC analyses. For some datasets,
pressure instead of depth is available, so we always convert the pressure values to depth before we
start our analyses. A 12-month climatology is constructed by averaging the monthly mean values
(temperature and salinity, separately) during 2005 to 2015 (in each individual dataset and at each depth
in each grid box). Then, the anomaly field is obtained by removing the monthly climatology from each
dataset, so a 2005–2015 baseline and the seasonal cycle are removed before our analysis.
The long-term trend is calculated by least square fitting after removing the impact of interannual
variability, since it can significantly affect the long-term trend assessment in SLA [35]. Twice the
standard error is used here, to represent the uncertainty of the linear trend [36]. The interannual
signal (ENSO-related but not exclusive) is derived from a band-pass filter (between 1 to 5 years),
based on Fourier analysis. This filter method is based on the assumption that the original time series
(for example, global mean HSLA, 132 months) can be linearly decomposed into a series of sinusoidal
signals with periods ranging from 2 to 60-month.
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3. Results
In this section, we will give a detailed analysis of the spatial and temporal variability of HSLA
during the Argo global period (2005–2015), and revisit the role of salinity in SSLA changes.
3.1. Time Evaluation of Global HSLA
Near-global (0◦ E–360◦ E, 60.5◦ S–64.5◦ N) mean SSLA, TSLA, and HSLA, for the five different
products, are shown in Figure 1. Although there are some discrepancies concerning month-to-month
variation among different datasets, the SSLA estimates show a positive long-term trend and consistent
inter-annual variation since 2005. The trend of SSLA is within 2005–2015 ranges from 0.83 to 0.97
mm/yr for different products (Table 1), with an ensemble mean of 0.86 ± 0.18 mm/yr. This indicates
that the long-term rise of steric sea level is detectable by Argo data. The TSLA increase is stronger than
the SSLA since 2005 (ranging from 0.81 to 1.01 mm/yr, with ensemble mean of 0.89 ± 0.19 mm/yr),
and plays a dominate role in the long-term SSLA changes.
Table 1. The linear trend and associated standard error of steric sea level during 2005–2015, unit:
mm/yr. Values are an ensemble mean of all datasets and the two-time standard error.
Trend

SSLA

TSLA

HSLA

SCRIPPS
JAMSTEC
EN4
NCEI
IAP
Mean
NCEI (1955–2016)

0.86 ± 0.13
0.83 ± 0.10
0.97 ± 0.10
0.84 ± 0.17
0.86 ± 0.18
0.63 ± 0.02

0.88 ± 0.14
1.01 ± 0.12
0.96 ± 0.12
0.89 ± 0.19
0.81 ± 0.08
0.89 ± 0.19
0.58 ± 0.02

−0.02 ± 0.01
−0.18 ± 0.02
0.01 ± 0.04
−0.05 ± 0.03
−0.05 ± 0.03
0.06 ± 0.01

Different from TSLA, HSLA contributes negatively to SSLA on a global scale, with a mean trend
of −0.05 ± 0.03 mm/yr, indicating that the global ocean among 60◦ S–64◦ N has gotten saltier in the
recent decade. Along with anthropogenic global warming, ocean mass has been steadily increasing
since 2003 [7], which has had the effect of diluting ocean water. For example, Llovel et al. show that
the melting ice and glaciers contribute to about ~70% of the total sea level rise [7]. So, we have a
conundrum: the global ocean is being diluted by the addition of freshwater, but our calculations show
the ocean is getting saltier. We suggest some possible reasons: (i) it is possible that the associated
ocean mass gain mainly affects the high latitude ocean regions, and needs more than one decade to be
transported to the mid-latitude and tropical oceans. Therefore, on a global scale, other mechanisms
might be the main contributors to the recent ocean saltier trend; (ii) decadal trends in fresh water flux
from evaporation, minus precipitation, are larger than the addition of fresh water from melting ice [15].
Both atmospheric reanalysis and satellite-based products reveal a positive global mean freshwater flux
(evaporation minus precipitation), which contributes to a saltier ocean [37]; (iii) the relatively short
time period, over which the trend is estimated above, may be dominated by the interannual signal
obscuring the long-term trend; and (iv) the deep ocean below 2000-m could be a serious candidate to
explain the difference [38,39], and calls for more detailed research.
HSLA decreases accounts negatively for about 5.8% of SSLA (ranges from 0 to 22% for different
products), and partially offsets the strong thermal expansion (ranges from 0 to 18% and 5.6% for mean
percentage of halosteric to thermosteric). This highlights that the halosteric effect can’t be neglected on
global average. However, HSLA analysis shows larger discrepancies among different datasets than
TSLA, due to a smaller signal-to-noise ratio for HSLA than TSLA.
Particularly, estimates of SSLA from SCRIPPS and EN4 include more short-term variability than
the other datasets. For example, SCRIPPS TSLA and HSLA are clear outliers for the 2005–2006 period,
showing larger month-to-month variation (Figure 1B). EN4 data shows a 2–4 mm larger HSLA decrease
in 2005 than the other products, which is probably spurious (Figure 1C). In the following analysis,
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Now, it is worthwhile documenting the HSLA variation since 2005, in the context of a long-time
Now, it is worthwhile documenting the HSLA variation since 2005, in the context of a long-time
perspective. Figure 2A provides the HSLA from NCEI since 1955, showing a weak positive long-term
perspective. Figure 2A provides the HSLA from NCEI since 1955, showing a weak positive
trend (0.63 ± 0.02 mm/yr) since 1955, and significant decadal variability (Figure 2A). The HSLA
long-term trend (0.63 ± 0.02 mm/yr) since 1955, and significant decadal variability (Figure 2A). The
decrease detected by Argo data starts from the early 1990s, so it is possible the Argo data may just
HSLA decrease detected by Argo data starts from the early 1990s, so it is possible the Argo data may
be showing one part of a longer cycle. A significant decadal variation of freshwater content has been
just be showing one part of a longer cycle. A significant decadal variation of freshwater content has
found in the North Atlantic Ocean, according to a previous analysis [40]. On the other hand, we note
been found in the North Atlantic Ocean, according to a previous analysis [40]. On the other hand, we
that the salinity observations are very sparse pre- this century, so we should be careful to interpret the
note that the salinity observations are very sparse pre- this century, so we should be careful to
global salinity change pre-Argo era.
interpret the global salinity change pre-Argo era.
Besides being a robust long-term trend, HSLA shows significant inter-annual variability, which is
Besides being a robust long-term trend, HSLA shows significant inter-annual variability, which
correlated with ENSO (Figure 2B). The relation between SSLA, along with its thermal component and
is correlated with ENSO (Figure 2B). The relation between SSLA, along with its thermal component
ENSO, has been comprehensively analyzed by previous studies (i.e., Lombard et al., 2005 [4]). As the
and ENSO, has been comprehensively analyzed by previous studies (i.e., Lombard et al., 2005 [4]).
fresh water cycle is closely connected with ENSO [27,41,42], HSLA will also be affected. Figure 2B
As the fresh water cycle is closely connected with ENSO [27,41,42], HSLA will also be affected.
compares the HSLA with an ENSO index—Oceanic Niño Index (ONI), which is calculated as the
Figure 2B compares the HSLA with an ENSO index—Oceanic Niño Index (ONI), which is calculated
3 month running mean of ERSST.v4 SST anomalies in the Niño 3.4 region (5◦ N–5◦ S, 120◦ W–170◦ W),
as the 3 month running mean of ERSST.v4 SST anomalies in the Niño 3.4 region (5° N–5° S, 120° W–
showing a modest positive correlation (~0.38, exceeding 99% statistical confidence tested with the
170° W), showing a modest positive correlation (~0.38, exceeding 99% statistical confidence tested
Student’s t-statistic), and confirming the linkage between ENSO and HSLA on an interannual scale.
with the Student’s t-statistic), and confirming the linkage between ENSO and HSLA on an
El Niño events bring more precipitation over the global ocean, which results in salinity decrease and
interannual scale. El Niño events bring more precipitation over the global ocean, which results in
an HSLA increase, and vice versa for La Niña events [27].
salinity decrease and an HSLA increase, and vice versa for La Niña events [27].
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Figure 2. (A) SSLA, TSLA, and HSLA, calculated from the NCEI dataset, since 1955; (B) The global
Figure 2. (A) SSLA, TSLA, and HSLA, calculated from the NCEI dataset, since 1955; (B) The global
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3.2. Spatial Pattern of Long-Term HSLA Change
3.2. Spatial Pattern of Long-Term HSLA Change
The change of HSLA shows rich regional variability, with maximum local trend ~10 times
The change of HSLA shows rich regional variability, with maximum local trend ~10 times larger
larger than the global mean (Figure 3A). A large-scale HSLA decrease (due to increased salinity) is
than the global mean (Figure 3A). A large-scale HSLA decrease (due to increased salinity) is evident
evident in the subtropical Pacific Ocean (5° N–20° N, 10° S–30° S), the North Indian Ocean (10° S–20°
in the subtropical Pacific Ocean (5◦ N–20◦ N, 10◦ S–30◦ S), the North Indian Ocean (10◦ S–20◦ N),
N), and the subtropical Atlantic Ocean (~20° N and ~20° S), in contrast to an HSLA increase (due to
and the subtropical Atlantic Ocean (~20◦ N and ~20◦ S), in contrast to an HSLA increase (due to
decreased salinity) in the Tropical/North Pacific (10° S–5° N, 30° N–60° N), South Indian (30° S–10° S),
decreased salinity) in the Tropical/North Pacific (10◦ S–5◦ N, 30◦ N–60◦ N), South Indian (30◦ S–10◦ S),
and Northeast Atlantic Oceans (20° N–60° N). This geographical pattern resembles that of Llovel and
and Northeast Atlantic Oceans (20◦ N–60◦ N). This geographical pattern resembles that of Llovel and
Lee (2015) [29], and Durack et al. (2014) [9].
Lee (2015) [29], and Durack et al. (2014) [9].
The trend pattern of HSLA, shown above, represents the depth-integrated effect from the
The trend pattern of HSLA, shown above, represents the depth-integrated effect from the surface to
surface to 2000－m, so it is worthy investigating the relative contribution from each independent
2000-m, so it is worthy investigating the relative contribution from each independent depth. Figure 3B
depth. Figure 3B provides the linear trends of the negative product of salinity anomaly and salty
provides the linear trends of the negative product of salinity anomaly and salty contraction coefficient
contraction coefficient for the four ocean products, from the surface to 2000－m depth. A similar
for the four ocean products, from the surface to 2000-m depth. A similar vertical variability is revealed
vertical variability is revealed by all datasets in the upper 600-m layer: the upper 200-m layer
by all datasets in the upper 600-m layer: the upper 200-m layer experiences a slight HSLA decrease
experiences a slight HSLA decrease (salinity increase), accompanied by a marked HSLA increase
(salinity increase), accompanied by a marked HSLA increase (salinity decrease) within the 200-m to
(salinity decrease) within the 200-m to 600-m layer. The robust salinity trends are mainly confined to
600-m layer. The robust salinity trends are mainly confined to the upper 600-m layer, and below 600-m
the upper 600-m layer, and below 600-m the contribution to total HSLA is close to zero (−0.03
the contribution to total HSLA is close to zero (−0.03 mm/yr), with an uncertainty of 0.06 mm/yr. It is
mm/yr), with an uncertainty of 0.06 mm/yr. It is possible that the large uncertainty below 600-m
possible that the large uncertainty below 600-m depth arises from the data source.
depth arises from the data source.
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Figure 3. Trend of HSLA over 2005–2015 based on the ensemble mean of all the datasets. (A)
Figure 3. Trend of HSLA over 2005–2015 based on the ensemble mean of all the datasets.
Geographically pattern, unit: mm/yr; (B) Vertically trend in global mean perspective with standard
(A) Geographically pattern, unit: mm/yr; (B) Vertically trend in global mean perspective with standard
deviation patched; (C) the same as (B), but with salinity instead.
deviation patched; (C) the same as (B), but with salinity instead.
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Figure 4. The spatial pattern of HSLA trend (Unit: mm/yr) in the upper 200-m layer (A); the 200 to
Figure 4. The spatial pattern of HSLA trend (Unit: mm/yr) in the upper 200-m layer (A); the 200 to
600-m layer (B); and the 600 to 2000-m layer (C), between 2005 and 2015. This is the ensemble mean
600-m layer (B); and the 600 to 2000-m layer (C), between 2005 and 2015. This is the ensemble mean of
of the SCRIPPS, JAMSTEC, EN4, and NCEI.
the SCRIPPS, JAMSTEC, EN4, and NCEI.
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HSLA.upper
This
2000-m,
suggesting
the
dominant
role
of
upper
ocean
salinity
changes
in
the
total
HSLA.
This
has some
has some importance implications: (1) before the Argo era, there were more salinity observations
in
importance
implications:
(1)
before
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Argo
era,
there
were
more
salinity
observations
in
the
upper
the upper ocean than in the deeper ocean. Therefore, if the upper ocean salinity change can be more
ocean than
in the deeper
ocean.
Therefore,
if the
upper ocean
salinity change
be highlights
more robustly
robustly
estimated,
we can
have
a reliable
assessment
of historical
HSLA.can
This
the
estimated,
we
can
have
a
reliable
assessment
of
historical
HSLA.
This
highlights
the
of
possibility of accurately re-assessing historical HSLA; (2) nowadays, we still have more possibility
observations
accurately
re-assessing
HSLA;
(2) can
nowadays,
we still
have
more observations
in the
upper
in
the upper
layer, sincehistorical
sea surface
salinity
be observed
from
satellites
(such as the Soil
Moisture
layer,
since
sea
surface
salinity
can
be
observed
from
satellites
(such
as
the
Soil
Moisture
Ocean
Salinity
Ocean Salinity (SMOS) mission by the European Space Agency and the NASA Aquarius mission).
(SMOS) mission
the European
Space Agency
theocean
NASAmodels
Aquarius
mission).
Assimilating
Assimilating
thebyupper
ocean surface
salinityand
into
will
have the
potential the
to
upper
ocean
surface
salinity
into
ocean
models
will
have
the
potential
to
significantly
improve
the
significantly improve the model simulation [46,47].
model simulation [46,47].
3.3. The Role of Salinity in Regional SSLA
3.3. The Role of Salinity in Regional SSLA
We have shown in the previous sections that the HSLA contributes negatively to SSLA on
We have shown in the previous sections that the HSLA contributes negatively to SSLA on global
global scales, what about the regional changes? Figure 5 shows the zonal mean trend of SSLA for the
scales, what about the regional changes? Figure 5 shows the zonal mean trend of SSLA for the upper
upper 2000-m (from 2005 to 2015, for the global ocean (A), and three main ocean basins (B–D
2000-m (from 2005 to 2015, for the global ocean (A), and three main ocean basins (B–D respectively)).
respectively)). In the Southern Hemisphere, the SSLA is almost completely dominated by the
In the Southern Hemisphere, the SSLA is almost completely dominated by the thermosteric component.
thermosteric component. This is consistent with the observational findings that the Southern
This is consistent with the observational findings that the Southern Hemisphere experienced its
Hemisphere experienced its strongest warming in the recent decade, and dominated the global
strongest warming in the recent decade, and dominated the global ocean heat content change [48].
ocean heat content change [48]. Recent publications highlight the intensification of Ekman pumping
Recent publications highlight the intensification of Ekman pumping (associated with changes in wind
(associated with changes in wind stress curl), which deepens the isopycnal surface and results in
stress curl), which deepens the isopycnal surface and results in more heat sequestration under the
more heat sequestration under the upper ocean layer [49,50]. In the North
tropics/subtropics
upper ocean layer [49,50]. In the North tropics/subtropics (Equator to 20◦ N), SSLA is dominated
(Equator to 20° N), SSLA is dominated by HSLA, since the mean TSLA changes in this region are
by HSLA, since the mean TSLA changes in this region are around zero over 2005–2015. The North
around zero over 2005–2015. The North tropical/subtropical Pacific shows opposite changes from
tropical/subtropical Pacific shows opposite changes from the Indian Ocean, due to the strengthening
the Indian Ocean, due to the strengthening of the Indonesian throughflow, caused by rainfall
of the Indonesian throughflow, caused by rainfall intensification in this century [51]. The regional
intensification in ◦this century [51]. The regional SSLA north of 40° N is near zero for 2005–2015, but it
SSLA north of 40 N is near zero for 2005–2015, but it is dominated by changes in the Atlantic Ocean,
is dominated by changes in the Atlantic Ocean, where the thermal and halosteric effects are opposite
and largely cancel each other out. The Atlantic Ocean is characterized by density-compensating
linear trends of TSLA and HSLA, at nearly all latitudes. A similar cancellation between TSLA and
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where the thermal and halosteric effects are opposite and largely cancel each other out. The Atlantic
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Ocean
is characterized
by density-compensating linear trends of TSLA and HSLA, at nearly
latitudes. A similar cancellation between TSLA and HSLA is also found in the North Indian Ocean.
HSLA is also found in the North Indian Ocean. But in the the North Pacific Ocean (20° N–50° N),
But in the the North Pacific Ocean (20◦ N–50◦ N), both TSLA and HSLA contribute to enhance SSLA.
both TSLA and HSLA contribute to enhance SSLA. These complicated temperature and salinity
These complicated temperature and salinity changes highlight the complexity of ocean variability.
changes highlight the complexity of ocean variability.

Figure 5. Zonal-averaged steric sea level trend in the global ocean (A); the Pacific Ocean (B); the
Figure
5. Zonal-averaged steric sea level trend in the global ocean (A); the Pacific Ocean (B); the Atlantic
Atlantic Ocean (C); and the Indian Ocean (D). Curves in different colors present the ensemble mean
Ocean (C); and the Indian Ocean (D). Curves in different colors present the ensemble mean of SSLA
of SSLA (black), TSLA (red), and HSLA (blue), respectively. The standard deviation errors are
(black), TSLA (red), and HSLA (blue), respectively. The standard deviation errors are attached
attached in shadings.
in shadings.

In addition, we show the steric sea level changes in four main ocean basins in Table 2. The ocean
In addition,
we show
steric
sea[52],
levelinchanges
in four
mainOcean
oceanisbasins
in Table
2. The
basins
are divided
as Leethe
et al.
(2015)
which the
Southern
directly
connected
to ocean
the
basins
are divided
Lee
et al. Oceans
(2015) [52],
in which
Ocean
is directly
connected
to the
Atlantic,
Pacific, as
and
Indian
(at 35°
S), andthe
theSouthern
other three
basins
are separated
by their
Atlantic,
and Indian
OceansFrom
(at 35a◦ global
S), andperspective,
the other three
are separated
by their natural
naturalPacific,
ocean-land
boundaries.
the basins
halosteric
effect compensates
the
rapid steric
sea level rise
to asome
degree.
The salinity-compensation
mainly occurs
in steric
the
ocean-land
boundaries.
From
global
perspective,
the halosteric effect effect
compensates
the rapid
Ocean
and the
Southern
While in the other
two mainly
ocean basins,
in the
Indian
seaPacific
level rise
to some
degree.
TheOcean.
salinity-compensation
effect
occursespecially
in the Pacific
Ocean
and
Ocean,
the
halosteric
effect
enhances
the
steric
sea
level
rise
with
thermal
expansion
together.
The
the Southern Ocean. While in the other two ocean basins, especially in the Indian Ocean, the halosteric
Pacific
Ocean the
becomes
in basinal
scale,
and dominates
global mean
HSLA, Ocean
becausebecomes
of its
effect
enhances
stericsaltier
sea level
rise with
thermal
expansionthe
together.
The Pacific
largeinarea
(partially).
saltier
basinal
scale, and dominates the global mean HSLA, because of its large area (partially).
Table
2. Trend
of SSLA,
TSLA,
and HSLA
the mainly
ocean basins,
unit: mm/yr.
are
Table
2. Trend
of SSLA,
TSLA,
and HSLA
in thein
mainly
ocean basins,
unit: mm/yr.
Values Values
are ensemble
ensemble means of all datasets and the two-time standard error.
means of all datasets and the two-time standard error.

Atlantic

Indian

Atlantic
SSLA
0.77 ± 0.32 Indian
2.42 ± 0.45
SSLA TSLA
0.77 ±0.74
0.32± 0.392.421.95
± 0.45
±0.37
TSLA HSLA
0.74 ±0.04
0.39± 0.12 1.95
±0.37
0.52
± 0.10
HSLA
0.04 ± 0.12
0.52 ± 0.10

Pacific
Southern
Global
Pacific
Southern
0.0 ± 0.12
1.18 ± 0.25
0.80 ± 0.17 Global
0.0±±
0.12 1.41 ±1.18
0.80 ± 0.17
0.22
0.10
0.28± 0.25
0.85 ± 0.18
0.22±±
0.10 −0.31 ±1.41
0.85 ± 0.18
−0.21
0.05
0.12± 0.28
−0.06 ± 0.03
−0.21 ± 0.05
−0.31 ± 0.12
−0.06 ± 0.03

A better illustration of the contribution of HSLA to SSLA can be obtained via an “explained
variance” analysis. Here we use a fraction of variance (FOV) skill score to empirically quantify how
much of the variance in SSLA can be explained by HSLA. FOV is calculated as:
=

(
(

(

,

,
)) + (

)
(

,

))

(4)
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A better illustration of the contribution of HSLA to SSLA can be obtained via an “explained
variance” analysis. Here we use a fraction of variance (FOV) skill score to empirically quantify how
much of the variance in SSLA can be explained by HSLA. FOV is calculated as:
FOV = q

cov(SSLA, HSLA)

(4)

(cov(SSLA, HSLA))2 + (cov(SSLA, TSLA))2
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where
the covariance between SSLA and its independent processes are denoted as cov(SSLA,10HSLA
)
and cov(SSLA, TSLA), respectively. According to this definition, a perfect score (FOV = 1) occurs when
where the covariance between SSLA and its independent processes are denoted as cov(SSLA, HSLA)
SSLA
HSLATSLA),
are perfectly
correlated
with each
other
and haveathe
samescore
variance.
is only
andand
cov(SSLA,
respectively.
According
to this
definition,
perfect
(FOVIf=SSLA
1) occurs
affected
theand
TSLA
component,
the FOV
should
be 0.
Negative
FOV
indicates
thatvariance.
HSLA isIfopposite
when by
SSLA
HSLA
are perfectly
correlated
with
each
other and
have
the same
SSLA
to TSLA,
so
SSLA
is
the
result
of
the
competing
temperature
and
salinity
effects.
is only affected by the TSLA component, the FOV should be 0. Negative FOV indicates that HSLA is
FOV in
explained
byresult
the halosteric
component,
is shown
in Figure
6. The density
opposite
to SSLA,
TSLA, so
SSLA is the
of the competing
temperature
and salinity
effects.
compensating
(FOV
< 0) exists
a large portion
of the global
ocean,
north
Pacific
FOV ineffect
SSLA,
explained
by over
the halosteric
component,
is shown
in except
Figurein6.the
The
density
◦ N), the Subtropical Pacific Ocean (10◦ N–20◦ N), the Southern Ocean (40◦ S south),
Ocean
(35◦ N–60effect
compensating
(FOV < 0) exists over a large portion of the global ocean, except in the north
thePacific
Southeast
Indian
Ocean,N),
and
western Tropical
Atlantic
is similar
to our
findings
Ocean
(35° N–60°
thethe
Subtropical
Pacific Ocean
(10°Ocean.
N–20°This
N), the
Southern
Ocean
(40° S in
south),
Figure
5. the Southeast Indian Ocean, and the western Tropical Atlantic Ocean. This is similar to our
findings in Figure 5.
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Figure 6. FOV of HSLA to the SSLA, during 2005 to 2015. Percentages (FOV X 100) shown here are
Figure
6. FOV of HSLA to the SSLA, during 2005 to 2015. Percentages (FOV X 100) shown here are
used to illustrate the relative contribution of the halosteric component.
used to illustrate the relative contribution of the halosteric component.

4. Summary and Conclusions
4. Summary and Conclusions
This study analyzed HSLA during the near-global Argo era (2005–2015), revisiting the role of
study component
analyzed HSLA
during
the near-global
Argoexperienced
era (2005–2015),
revisiting
role
theThis
halosteric
in SSLA.
The global
mean (HSLA)
a decrease
duringthe
2005
to of
the2015,
halosteric
component
in SSLA.
global
meanof
(HSLA)
experienced
decrease
during
2005 to
in contrast
to the increase
of The
TSLA.
The trend
HSLA is
−0.05 ± 0.03amm/yr,
which
accounts
2015,
in
contrast
to
the
increase
of
TSLA.
The
trend
of
HSLA
is
−
0.05
±
0.03
mm/yr,
which
accounts
for about −5.8% of SSLA (which ranges from 0 to 22% for different datasets), and partially offsets the
forstrong
about thermal
−5.8% of
SSLA (which
ranges
from
0 to
for different
datasets),
and
partially
offsets
expansion
(−5.6%,
ranges
from
0 22%
to 18%).
In addition,
there is
also
interannual
thevariability
strong thermal
expansion
−5.6%,tied
ranges
from 0 to 18%). In addition, there is also interannual
of HSLA,
which is (closely
to ENSO.
variability
of HSLA,
which of
is closely
tiedtrend
to ENSO.
Locally,
the pattern
the HSLA
shows negative trends in the subtropical ocean and
positive
trends
in
midand
high
latitudes.
It
is
that this
pattern
linked to the
intensification
Locally, the pattern of the HSLA trend showslikely
negative
trends
in theissubtropical
ocean
and positive
of theinglobal
cycle—the
“wetItgets
wetter”
scenario—under
[9]. Vertically, of
thethe
trends
mid- water
and high
latitudes.
is likely
that
this pattern is global
linkedwarming
to the intensification
ocean
watercycle—the
became saltier
the wetter”
upper 200-m
layer and fresher
in the
200 to 600-m
layer, over
2005–
global
water
“wetingets
scenario—under
global
warming
[9]. Vertically,
the
ocean
2015.
Below saltier
600-m in
depth,
the salinity
trend and
is indistinguishable
from
zero. layer,
The HSLA
trend is
water
became
the upper
200-m layer
fresher in the 200
to 600-m
over 2005–2015.
dominated
by
the
salinity
change
in
the
upper
200-m
layer,
highlighting
the
importance
of
surface by
Below 600-m depth, the salinity trend is indistinguishable from zero. The HSLA trend is dominated
forcing.
thefreshwater
salinity change
in the upper 200-m layer, highlighting the importance of surface freshwater forcing.
The rich local salinity variability at different vertical layers highlights the role of salinity in our
climate system. HSLA even dominates some regional SSLAs, for example, in the North Tropical
Pacific Ocean and the Atlantic Ocean. Density compensation exists in almost all of the Atlantic
Ocean, a portion of the Pacific (subtropical), and the Indian Ocean (mid-latitude region in the
southern hemisphere). This implies we need to take account of both temperature and salinity to
correctly represent density-driven circulation, such as the AMOC (Atlantic Meridional Overturning
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The rich local salinity variability at different vertical layers highlights the role of salinity in our
climate system. HSLA even dominates some regional SSLAs, for example, in the North Tropical
Pacific Ocean and the Atlantic Ocean. Density compensation exists in almost all of the Atlantic Ocean,
a portion of the Pacific (subtropical), and the Indian Ocean (mid-latitude region in the southern
hemisphere). This implies we need to take account of both temperature and salinity to correctly
represent density-driven circulation, such as the AMOC (Atlantic Meridional Overturning Circulation).
In the Southern Ocean, both HSLA and TSLA components contribute to enhance SSLA.
This study is mostly based on data in the recent decade. The previous analyses, based on longer
time series, show decadal variability [40]. Therefore, decadal and long-term salinity analyses still
require more comprehensive studies in the future, once longer salinity time series are available.
Since the underlying mechanisms of salinity changes are still not fully understood, it is urgent to
examine the salinity change, via both reanalysis data and ocean models, and a simple budget analysis,
such as [15–18] etc., is highly preferred to separate ocean dynamics with surface flux changes. It is also
recommended to better reconstruct the historical ocean subsurface salinity field, given the importance
of the halosteric sea level to the total sea level. This study provides a useful clue for the historical
salinity reconstruction that the salinity changes are mostly confined at upper 600-m (or even 200-m,
for the majority of the salinity changes).
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