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Seawater generally forms stratified layers with lighter waters near the surface and denser waters at greater depth. This sta-
ble configuration acts as a barrier to water mixing that impacts the efficiency of vertical exchanges of heat, carbon, oxygen
and other constituents. Previous quantification of stratification change has been limited to simple differencing of surface and
200-m depth changes and has neglected the spatial complexity of ocean density change. Here, we quantify changes in ocean
stratification down to depths of 2,000 m using the squared buoyancy frequency N? and newly available ocean temperature/
salinity observations. We find that stratification globally has increased by a substantial 5.3% [5.0%, 5.8%] in recent decades
(1960-2018) (the confidence interval is 5-95%); a rate of 0.90% per decade. Most of the increase (~71%) occurred in the
upper 200 m of the ocean and resulted largely (>90%) from temperature changes, although salinity changes play an important

role locally.

ost solar heating is absorbed at Earth’s surface, primar-

ily the ocean surface. This creates warm moist air near

the surface and low-level atmospheric instability that is
stabilized by convection. Below the ocean surface, however, it leads
to warmer waters atop cooler ones and a stable overall configura-
tion (Fig. 1a and Extended Data Fig. 1a). Salinity, associated with
the difference between evaporation E and precipitation P (E-P)
(Extended Data Fig. 1b), partially regulates this configuration. This
inverse relationship between the stability of the ocean and atmo-
sphere has important climatological implications.

Ocean stratification is quantified by density change with depth,
which in turn, is determined by the vertical distribution of tempera-
ture and salinity, in addition to pressure. The zonal mean climato-
logical density distribution (Fig. 1a) shows lighter seawater above
the denser water, with bowed isopycnals in the upper 700 m, mainly
reflecting ocean heating and impact of the ocean general circulation
(for example, subtropical overturning). Stable stratification inhibits
vertical mixing and impacts the vertical exchanges of heat, carbon,
dissolved oxygen and nutrients'~’.

As human-caused greenhouse warming has fundamentally
altered oceanic temperature and salinity fields, impacts to stratifica-
tion are expected®. An increase in near-surface stratification during
the second half of the twentieth century has been documented’'*"!
but characterization of the temporal and spatial changes in strati-
fication have been controversial. In the Intergovernmental Panel
on Climate Change Fifth Assessment Report (IPCC-AR5)', ocean
thermal stratification between 0 and 200m depth was approxi-
mately represented by the global mean temperature difference
between the 0-m and 200-m layers. That analysis suggested a strati-
fication increase of ~4% from 1971 to 2010 (~1% per decade) and
no error estimate was given. The more recent IPCC Specific Report
on the Ocean and Cryosphere in a Changing Climate (SROCC)"
estimated a 2.18-2.42% stratification increase from 1971-1990 to

1998-2017 (~0.85+0.04% per decade), using the globally averaged
square of the buoyancy frequency (N?) based on the density differ-
ence between the layers 0-10m and 190-210m. The SROCC esti-
mate is smaller than the IPCC-ARS estimate by ~15%, despite being
based on a more recent period, when global warming-induced
changes should be even greater. These disparities and the different
methods emphasize the uncertainty in our knowledge of past
stratification changes.

This uncertainty results from incomplete observational data
(discussed further below) and which ocean layers are used. Ocean
temperature and salinity observations are somewhat sparse and
unevenly distributed in space'”. They are also subject to instrumen-
tal biases®'>. Moreover, using the density difference between two
single layers: 0 versus 200m in AR5 (0-10m versus 190-210m in
SROCC) is a crude approximation of the ocean stratification. Those
two layers do not reflect the full vertical structure of ocean changes
and stratification, and uncertainties therein. Besides, both the
pycnocline and thermocline in many regions are either shallower or
deeper than 200 m (Fig. 1b and Extended Data Fig. 1b).

The present study adopts the recently improved temperature
and salinity estimates (denoted as Institute of Atmospheric Physics,
IAP data'*'®; Methods) to better quantify long-term changes
in stratification in the upper 2,000m of the world oceans over
the past half-century. We also create the continuous N? field from
the sea surface to 2,000 m of depth, computed from the vertical den-
sity gradient rather than from the density difference between only
the surface and 200-m layers (Fig. 1; Methods), which allows a full
quantification of the spatial structure of changes in stratification.

Quantification of stratification

The mean N? within 1981-2010 defines the mean vertical stratifi-
cation in the ocean, that is N*> 0, as density increases with depth
(Fig. 1a versus 1c). The zonal mean value of N? is largest within
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Fig. 1] Climatological mean and long-term trends for global mean ocean density and squared buoyancy frequency (N?) over 1960-2018.

a,c, Climatological and zonal mean potential density (a) and N? (¢) for 1981-2010. b,d, Long-term linear trends for 1960-2018 in potential density (b) and
N2 (d). The stippled areas in b and d denote the signals significant at 90% confidence level, accounting for the spatial sampling and instrumental
uncertainty. e, Zonal and vertical sections of the 0-2,000 m N? trends during 1960-2018 in the three main basins (Pacific, Atlantic and Indian) surrounding
the meridional mean section of the Southern Ocean (30°S). Black contour lines show the climatology of potential density with 0.5kgm= intervals.
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Fig. 2 | Trends of N? over depth and the percent change. a, Linear trend of global mean N? from surface to 2,000 m, with an interval of 20 m for the upper
500 m and 100 m below 500 m. b, Same as for a but for percentages of long-term changes of global mean N? relative to their 1981-2010 average. The solid
line is the N? estimate by this study and the dotted line is the total error, including sampling and instrumental errors. The shadings denote their 90% Cls.

50-300m depths in low latitudes (20°S-20°N) and corresponds
to the greatest density gradient in the thermocline layer (Extended
Data Fig. 1a). Larger N? is also apparent in the upper 200 m of the
northern polar regions (north of 60°N), associated with more fresh-
water in the upper Arctic Ocean (Extended Data Fig. 1c).

Since 1960, ocean density has experienced a substantial decrease
in almost all zonal bands from the surface to depths of 2,000m
(Fig. 1b) that is much sharper in the upper layers than in the deep
oceanand corresponds to abroad increase in N? (Fig. 1d,e), especially
near the thermocline (within 23-25kgm™ isopycnals). A notable
exception is the 100-300-m layer in the tropics (10°N-20°S), where
the density increase (Fig. 1b) is due to the cooling in the Indian
and Pacific Oceans and weaker warming in the Atlantic section in
these layers' (Extended Data Fig. 1b). These signals are associated
with the southward shift of equatorial cooling waters, which may be
driven by the meridional displacement and intensification of sub-
tropical gyres in all three ocean basins"'* (Fig. 1e). Trends in N? are
larger and tend to be significant where there are strong vertical dif-
ferences in the density trend (Fig. 1b versus 1d), because N* depends
on the vertical density gradient.

This N? structure is broadly consistent across all three major
basins (Fig. le) but decreases extend deeper in the tropical Pacific
Ocean (150-200m) than the tropical Atlantic and Indian Oceans
(100-150m), consistent with its deeper thermocline. The stratifica-
tion increase in the North Atlantic for the upper 100m is reported
to be responsible for the weakening of deep ocean overturning cir-
culation"'® (Fig. le). In the tropics, it shows a strong N? increase for
the upper 300 m, while in the middle and high latitudes, the signifi-
cant N? increase appears mostly below 500 m (Fig. 1d,e), because the
signals from the near-surface ocean subduct into subsurface ocean
due to deeper mixed layer (Extended Data Fig. 1) and then change
the stratification (Fig. 1). This indicates the importance of ocean
dynamics (mixed layer and subduction process) in the change of N
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In the global average, the N* (Fig. 2a) changes are more pro-
nounced in the upper 200m than below, consistent with stronger
temperature and salinity changes there (Extended Data Fig. 1b,d).
The maximum N? increase occurs within 20-100 m. However, as the
climatological mean stratification in the deep ocean is small (weaker
vertical density gradient in the deep layer, Fig. la,c), small abso-
lute changes can still reflect potentially important relative changes
(Fig. 2b), the latter of which are defined as the linear trends in N
during the 1960-2018 interval divided by the climatological mean
to give the fractional change (Fig. 2b). The bias-corrected IAP esti-
mates show a 5-18% increase in stratification in the upper 150 m
and a 0-8% increase for 220-2,000 m, indicating a clear stratification
increase in the upper 2,000m ocean waters (except layers around
200 m, discussed above). The total N? increase within 0-200 m con-
tributes to ~71% of the overall 0-2,000m increase. Below 500 m,
both the trends and percentages are less robust than in the upper
layer, owing to both fewer observations and weak trends.

Global and basin N? time series

The global (0-2,000m) average N? time series (Fig. 3a) shows
a robust upward trend since the early 1960s that reflects the
increase of global ocean stratification. The IAP estimate yields a
total 0-2,000m N? change of 1.5 [1.4, 1.7]X108s~yr~! over the
period 1960-2018 (see Table 1). The corresponding rate is
10.7 [9.9, 11.4]x107%s72yr* for 0-200m. This is equal to
5.3[5.0,5.8]% overalland 6.9 [6.3,7.3]% for the 0-200 m stratification
increase, based on a climatological mean state from 1981 to 2010. All
four major basins have experienced robust increases of stratification
since 1960, with the strongest rate in the southern oceans (south of
30°S,7.9[6.8,9.6]%), followed by the Pacific Ocean (Supplementary
Table 1, 5.6 [5.2, 5.9]%), the Atlantic Ocean (4.1 [3.5, 4.6]%) and
then the Indian Ocean (3.7 [3.4, 4.2]%). Hence, the long-term
increasing trends of N? and their zonal patterns (Figs. 1 and 3)
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Fig. 3 | Time evolution of the 0-2,000 m ocean stratification changes. a-e, Global (a), Pacific (b), Atlantic (¢), Indian (d) and Southern (e) Oceans.

The thick lines are after application of a LOWESS (locally weighted scatterplot smoothing) smoother (span width of 20 yr) to depict the interdecadal and
longer-term changes. The 90% Cl for IAP estimates (shading) account for both spatial sampling of historical observations and instrumental errors. The
IAP monthly anomaly time series indicate how aliasing of interannual variations occurs in N? (thin grey lines). All time series are relative to a 1981-2010
baseline. The inset in panel a shows the global and basin mean rates of N? calculated by centred differences of the smoothed time series: Glb, Global;

Pac, Pacific; Atl, Atlantic; So, Southern; Ind, Indian.

reveal a robust human-driven change in the ocean in addition to the
long-term temperature and salinity change structures (Extended
Data Fig. 1) previously attributed to human activities'’"".

These results show a stronger trend than other products
3.0+1.0% (EN4; ref. ), 4.5+1.0% (NCEL ref. *!) and 3.7+1.2%
(ORAS4; ref. %), with the exception of Ishii* (5.7 +1.3%) (Table 1).
The present results also show stronger global stratification changes
than reported in the IPCC-AR5 (using NCEI) and SROCC (using
EN4)"'. Because our results are for different layers (0-2,000 m and

0-200m) and 1960-2018, which differ from those reports, and
the calculation methods are also different, we now adopt the same
methods as IPCC (summarized in Table 1). The IAP data show a
5.1 +2.1% increase in upper 200 m stratification during 1971-2010,
28% stronger than AR5 (~4%). Further, IAP shows a 4.3% increase
from 1971-1990 to 1998-2017 (Table 1), which is ~87% stronger
than SROCC (~2.3%).

The data biases in traditional datasets are mainly responsible
for their underestimations (see Supplementary Information for
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Table 1| Climatology (10-8s72), trend (10-8s~2yr~') and percent change (%) of the global mean of squared buoyancy frequency (N?)

during 1960-2018

Global mean 0-200m 0-500m 0-1,000m 0-2,000m
Climatology 9,387 +468 5,089 +125 2993+38 1,687+39
IAP Trend 10.7 [9.9-11.4] 5.0 [4.6-54] 29[2.6-31] 1.5 [1.4-1.7]
Percent 6.9 [6.3-7.3] 59 [5.4-6.4] 5.7 [5.2-6.2] 5.3[5.0-5.8]
Ishii Trend 11.5+3.8 56+14 3.0+0.7 1.6+0.4
Percent 71+£24 6.4+16 58+13 5713
EN4 Trend 69+4.4 27+12 15+0.6 09+0.3
Percent 42427 31+1.4 3.0+11 3.0+10
ORAS4 Trend 79+4.6 34+13 1.9+0.7 11+0.3
Percent 51+3.0 4.0+15 3.8+13 3.7+12
NCEI Trend 10.4+3.0 44410 24405 1.3+0.3
Percent 6.7+2.0 52+12 48+10 45+10
Percent (%) IPCC IAP Ishii EN4 ORAS4
ARS (T,_,00) (1971-2010) 4 51+21 4.2+17 1.0£3.0 3.7+18
SROCC (N?) (1998-2017 versus 218-2.42 43 41 0.5 2.6
1971-1990)

Uncertainty range indicates 90% Cl. Lower panel shows the percent change (%) of the global stratification when adopting the IPCC-AR5 and SROCC methods and time periods.

discussions and tests, Extended Data Figs. 2 and 3 and Supplementary
Figs. 1 and 2). The major error comes from sparse sampling of
observations in the top 2,000m ocean waters and instrumental
errors. A well-identified ‘conservative bias’ in these traditional data
products (EN4, NCEI and ORAS4), arises from an initial assump-
tion of climatological values in poorly observed regions which leads
to underestimation of ocean warming trends from the surface to
2,000m (refs. »'***). Insufficient vertical sampling in observations
poses an additional error associated with vertical interpolation
methods (Extended Data Fig. 4). This issue has not been quantified
in available products but is an important source for interproduct
differences (Supplementary Information, notably Supplementary
Table 2). Here, this uncertainty is quantified using high-resolution
observations through a vertical subsample test. Because it reveals an
overall uncertainty in long-term N? trends of <5% for IAP method-
ologies (Methods; Extended Data Figs. 5-7), the IAP results are less
biased than other results presented and the uncertainty associated
with these error sources is well quantified (Methods). Further, the
accuracy for IAP estimate is improved by using the bias correction
associated with these error sources. All these considerations moti-
vate the use of IAP data, which provides the best unbiased estimate
of N? changes and its uncertainty.

The interannual stratification fluctuations are dominated by the
El Nifio/Southern Oscillation (ENSO), with a significant correla-
tion of ~0.55 between the global mean N? (~0.64 for Pacific mean)
with an ENSO index (Nifio 3.4 index*) (Fig. 3 and Extended Data
Fig. 8). This is probably due to the strong thermocline variations
and formation of barrier layers associated with ENSO**".

Past work has demonstrated that the long-term trends in ocean
temperature, salinity and heat content impacting global mean N? are
driven primarily by anthropogenic forcing'**. There is, nonethe-
less, superimposed on these trends substantial decadal variability
with two rapid increases from 1978 to 1996 and 2014 to present
(Fig. 3a). The reduced trend in global N* during 1997-2013 is con-
sistent with the slowdown in surface warming over that timeframe,
which has been demonstrated to result from both forced and inter-
nal variability”-*’. The latter is dominated by Pacific decadal sea
surface temperature (SST) changes (Fig. 3a versus 3b), as noted in
previous work®>*.,
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Temperature and salinity contributions

Temperature changes raise the ocean stratification in more than
90% of the ocean grids at 1° spatial resolution, while salinity
changes result in an N? increase in only ~58.4% of ocean areas and
with more complex spatial variability than for temperature changes
(Fig. 4 and Extended Data Fig. 1). On a global average, tempera-
ture changes dominate the observed stratification increase (~96.9%;
Supplementary Table 3 and Extended Data Fig. 9) but salinity
changes play an important role locally (Fig. 4).

In the Pacific Ocean, the low latitudes become more stable
than higher latitudes (Fig. 4b) in association with greater
surface warming (Extended Data Fig. 1). A stronger stratification
increase is found in the eastern rather than western equatorial
regions, probably linked to the weakened easterlies and associ-
ated reduced upwelling in the eastern Pacific due to the long-term
weakening of Walker circulation”. Overall, the temperature
contribution dominates the stratification increase (~83.1%;
Supplementary Table 3). Salinity changes offset effects in
the subtropical gyre regions and reinforce the temperature
effects within the Intertropical Convergence Zone (ITCZ)
and North Pacific (north of 40°N). This behaviour matches
the enhancement of existing patterns of broad-scale salinity
associated with an intensified global water cycle®'.

In the Indian Ocean, the stratification increases are also mainly
driven by temperature changes (over 100%), especially along the
intersection of the ACC and subtropical cells within 30-50°S, asso-
ciated with the transport of warm water from the south and then
subduction into the deep layers®. The thermal influence is partly
offset by the salinity increase in the West Indian Ocean'’. The
freshening in the East Indian Ocean strongly reinforces the strati-
fication due to surface warming (Fig. 4), associated with stronger
Indonesian throughflow?.

In the Atlantic Ocean, overall temperature-induced stratifica-
tion is ~1.6 times greater than the observed total change because
it is offset ~42% by basin-wide salinity increases. The large-scale
salinization in the Atlantic Ocean (stronger near the surface) is
due to the basin-scale atmospheric freshwater transport from
the Atlantic to the Pacific Ocean related to the intensification of
water cycle®s.
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Changes in the Arctic Ocean are uncertain owing to sparse
data although it appears to be becoming more stratified (north
of 65°N, 54 [2.6, 7.4]%) (Fig. 4ab,t and Supplementary
Table 1). Notable changes in both temperature and salinity are
evident north of the Bering Strait and northeast of Greenland
(Fig. 4c,e). Stratification is expected to increase in the Arctic Ocean
because of polar freshening (Fig. 4f), resulting from increasing net
precipitation, freshwater runoff from rivers and (well-observed)
glacial ice melting and discharge of ice (that is, Greenland) and the
inflow from mid-latitude Pacific waters*.

Warming is the primary determining factor behind the observed
stratification increase in the south of 30° S (Fig. 4 and Supplementary
Table 3), although observations are not as complete as desirable. For
30—50°S, large ocean warming extends from the surface to 2,000 m
(Extended Data Fig. 1b), dominating the observed stratification
change®’. Meanwhile, persistent near-surface freshening is evident
since 1960 (Extended Data Fig. 1d). The fresher waters were further
subducted into the ocean interior by the mode and intermediate
waters' and increased the stratification south of 50°S for the upper
200m to compete with the temperature contribution, resulting in
a weak positive stratification trend. Model studies suggest that this
salinity-dominant stratification is associated with the northward
freshwater transport and can impact the vertical thermal structure
in the Southern Ocean*"*.

Discussion

In this study, we analysed changes in ocean stratification (using N?)
in multiple datasets, finding consistent evidence for overall enhanced
stratification in most regions of the world oceans, down to depths
of 2,000m. We also find evidence for considerable spatial com-
plexity. The spatial structure of N* implies that previous analyses,
which simply computed the density difference between surface and
200-m layers, do not yield an accurate depiction of changing ocean
stratification. Our improved observational products allow for more
accurate quantification of historical changes in stratification and
their uncertainty (such as Extended Data Fig. 10).

Increasing stratification has important climate implications. The
expected decrease in ocean ventilation>* could affect ocean heat and
carbon uptake*'’, water mass formation’ and tropical storm forma-
tion and strength’. The associated decrease in ocean mixing, more-
over, is consistent with a decline in ocean oxygen concentration®®,
reduced nutrient flux” and alteration of marine productivity and
biodiversity”'**, as observed. Regions (for example in the North
and tropical Pacific and South Atlantic) with the maximum increase
in stratification correspond to regions of known de-oxygenation*.
This is expected, given that more than 80% of observed global ocean
oxygen decline is associated with enhanced stratification and conse-
quent weakening of deep-water ventilation and biological depletion
associated with the inhibition of nutrient supply”. It underscores the
consistency between observed physical and geochemical climate
change impacts.

Projected future changes in stratification”'**, also have implica-
tions for density-driven ocean circulation changes and, in particu-
lar, the Atlantic Meridional Overturning Circulation, which already
shows some evidence of slowdown'®. Increased stratification is also
expected to increase the westward propagation speed of oceanic
Rossby waves in the Pacific, perhaps diminishing decadal Pacific
Ocean predictability*. Future projections are currently hampered
by limitations in current generation climate models in simulating
the vertical structure of density changes””, especially because of
cryospheric changes, including Greenland and Antarctic ice sheet
mass loss*’. Ocean stratification is nonetheless projected to continue
to increase given business-as-usual carbon emissions, as ocean
warming and freshwater input by melting glaciers and ice sheets
proceeds. Our observational results thus provide important bench-
marks for evaluating climate models used for future projections.
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Methods

Data sources and processing. The primary dataset used in this study is an ocean
objective analysis from the IAP for 1960 to present. These data are available with
1°X 1° horizontal resolution and 41 vertical levels for the upper 0-2,000 m. The key
advantages of these analyses are the application of the community-recommended
instrumental bias correction (XBT correction), the advanced gap-filling algorithm
that is unbiased in reconstructing decadal/multidecadal scale temperature/salinity
change since 1960 for the upper 2,000 m and the careful evaluation using recent
Argo data'>".

Four other independent datasets of temperature and salinity are also used:
three objectively analysed products of in situ observations, from (1) the EN4
(ref. *°) from 1960 to 2018; (2) Ishii data** for 1960-2018; (3) the pentad
NCEI product from 1955 to 2018'; and (4) an ocean reanalysis product, which
assimilates various observations into an ocean model, Ocean Reanalysis System
4 (ORAS4)* for 1960-2017. The in situ fields are converted into the variables of
conservative temperature and absolute salinity, to compute the potential density
and squared buoyancy frequency based on TEOS-10 standard™.

Three observational SST gridded datasets used span from 1960 to 2018: (1)
ERSSTv.5 (ref. *') (2°x2°); (2) COBE2 (ref. *%) (1°x 1°); and (3) HadSST3 data®***
(5°%5°). A climatology with seasonal cycle was constructed for 1981 to 2010 and
the anomalies computed by removing the climatology.

Stratification calculation. The stratification is computed as the squared buoyancy

frequency:
2 o[ (1) (9o
vews ()&

where p, 6, and g denotes seawater density, local potential density anomaly
and gravity acceleration, respectively. N, the Brunt-Viisila frequency,
represents the intrinsic frequency of internal waves. The more stratified the
water column, the higher the static stability and the higher the buoyancy
frequency. In this study, N? is computed according to the equation of state
(TEOS-10) (ref. *"):

N*(©,84) = g(a®0; — p%S4,)

where a® and #° denote the thermal expansion and saline contraction coefficients,
respectively. The subscript (z) represents the vertical gradients.

To reduce the noise in the vertical gradient computation: (1) the vertical
levels are interpolated into higher vertical resolution (5-m interval) based on a
weighted-parabola method by Reiniger and Ross™, which has a smoothing effect
and is widely used in the ocean community; (2) the three-point binomial weighted
(0.25-0.5-0.25) smoothing is then applied.

The percentage change of N? is calculated based on a climatological mean state
during 1981-2010. However, using alternative climatological averaging periods
yields negligible (<5%) differences—see Supplementary Table 4.

Separating T and S contributions to stratification. To evaluate the relative
contributions of the temperature (®) and salinity (S,) to the change in N2, we
compute their contribution separately as follows:

T:Nj =N (0+0,5)

S:Nj =N*(0,5,+S$))

where, Ng and N represents the N change related to thermal and saline effects,
respectively. Here, overbars and primes denote climatological mean and deviations
from the mean. Owing to the nonlinearity of this equation, the contributions of
Tand S cannot be fully separated. Here, we removed the climatologies to obtain
the empirical contribution from temperature and salinity anomalies, named the
anomalous Ng and NSZA’, respectively. Thus, N? can be approximated:

N*(©,8;)'= N3 + N2 + Res = N*(©,8,)+N?(®, 8, ) +Res

where Res denotes the residual arising from the interaction between temperature
and salinity changes. To verify the accuracy of this separation, Extended Data Fig. 9a
(versus Fig. 4) shows the difference between linear trends of N> and the sum the
first two terms on the right side of this equation and reveals a negligible impact of
Res on spatial trend. The contribution of Res on basin means is again quantified in
Extended Data Fig. 9b, suggesting a negligible impact. Both confirm the validity of
this separation.

Uncertainty estimate for N°. N*> depends on observed temperature and salinity
fields, and data coverage (both horizontal and vertical sampling) and the
instrument quality of the observations are the two primary sources of error.
The IAP mapping method is an Ensemble Optimal Interpolation approach with
an objective error analysis procedure®. It results in 30 ensemble members for
temperature and 40 ensemble members for salinity, from which the uncertainty

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange

associated with horizontal sampling and instrumental error can be quantified.
A caveat, to be addressed in future, is the impact of systematic biases.

Uncertainty error stems from relatively low vertical resolution of past
ocean profile observations and its changes over time (Extended Data Fig. 4).
Uncertainties from the vertical interpolation used to standardize the profiles
is tested by subsampling 12 high-resolution static temperature and salinity
climatologies according to observational masks from 1960 to 2017 (ref. *")
(detailed in the Supplementary Information). The high-resolution climatologies
are constructed by collecting all high-resolution profiles since 1960 (mean
resolution <5m at upper 200 m, <10 m within 200-1,000 m and <25 m within
1,000-2,000 m). The resampled fields are input into the IAP mapping technique
and then the resultant reconstructions with and without vertical resampling are
contrasted to quantify the vertical sampling errors associated with Reiniger and
Ross, linear interpolation and spline methods for the 12 ensemble members for
both temperature and salinity fields.

To combine the horizontal sampling and instrumental uncertainty with
vertical sampling uncertainty, a Monte Carlo approach is used to generate the
final uncertainty range in N? (illustrated in Supplementary Fig. 3). A total of 5,000
realizations of N? are generated on the basis of the available ensemble, where each
realization is calculated on the basis of a randomly selected ensemble member
from each error source. Their ensemble median is used along with the [5%, 95%]
range of N? based on 5,000 realizations and hence the skew of the error distribution
can be accounted for (Table 1 and Extended Data Fig. 10).

Uncertainty of linear trends. The linear trends were computed by using the
ordinary least squares, with error bars accounting for the reduction of degrees of
freedom assuming the residuals follow first-order autoregressive model AR(1). For
the uncertainty level of the trends, the 90% confidence interval (CI) is presented
throughout this study.

Data availability

The data are available in the following links. IAP (http://159.226.119.60/cheng/);
NCEI (https://www.nodc.noaa.gov/OC5/3M_HEAT_CONTENT/); EN4 (https://
www.metoffice.gov.uk/hadobs/en4/download-en4-2-1.html); Ishii (https://
climate.mri-jma.go.jp/pub/ocean/ts/); and ORAS4 (http://apdrc.soest.hawaii.
edu/datadoc/ecmwf_oras4.php). For SST: ERSSTv.5 (https://wwwl.ncdc.noaa.
gov/pub/data/cmb/ersst/v5/netcdf/); COBE2 (https://psl.noaa.gov/data/gridded/
data.cobe2.html); and HadSST3 (https://www.metoffice.gov.uk/hadobs/hadsst3/
data/download.html). Also, data are available from the corresponding author on
reasonable request. Raw figures and data are available from http://159.226.119.60/
cheng/ and https://doi.org/10.6084/m9.figshare.12771116. Source data are
provided with this paper.

Code availability

The source codes used to make the calculations and plots in this paper are
available at http://159.226.119.60/cheng/ and from the corresponding author
on request.
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Extended Data Fig. 1| Climatological means and long-term linear trends of ocean temperature and salinity. a, Climatological mean and b, linear trend
of zonal mean potential temperature. ¢, Climatological mean and d, linear trend of zonal mean absolute salinity. The stippled areas in b and d denote the
signals significant at 90% confidence level.

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange


http://www.nature.com/natureclimatechange

ARTICLES NATURE CLIMATE CHANGE

a
0.4 T T T T T T T T T T T b
1.5
0.2
2 oo
> o
£ 0 2
o
-
<’7> 2
® %
905
-0.2
’
0.4 -——-SST obs. mean ERSST COBE2 HadSST3 0
—— AP Ishil 0RAS|4 EN4 NCEI | | 1
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
¢ T T T T T T T T T T T
0.2
d
0.1
0.6 IAP/Ishii
range
o -
< s
= o
E 0 g 04
Q o
< =
o el
o c
S o
'_
8 02
-0.1 N
IAP Ishii
0
-——-ORAS4 EN4 NCEI S ~
02[ 1 1 | 1 1 1 1 | 1 1 1 \‘;_2 S & *;? &
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 OQ. <

Extended Data Fig. 2 | Temperature anomaly time series and linear trends at surface and 200 m from 1960 to 2018 based on multiple datasets. a, Time
series and b, linear trends of sea surface temperature change. ¢, Time series and d, linear trends of 200 m temperature change. All time series are relative
to a 1981-2010 baseline. Error bar in b and d denotes the 90% confidence interval of linear trend.
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Extended Data Fig. 3 | Spatial patterns of linear trend in the annual SST for different datasets from the 1971 to 2010. a is the observational mean based
on three independent SST products, including ERSST, COBE2, and HadSST3, b is IAP, ¢ is EN4, and d is NCEI data. The stippled areas in a-d denote the
signals significant at 90% confidence level.
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Extended Data Fig. 4 | Annual mean vertical resolution at depths for all in situ temperature and salinity observations within 0-2000 m from 1960 to
2018. Annual mean vertical resolution at depths for all in situ temperature a and salinity b observations within 0-2000 m from 1960 to 2018.
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Extended Data Fig. 6 | Trends and per cent changes in global mean N? vertical sampling errors from 1960 to 2018 for three interpolation methods.
a, Linear trends of N? bias at each depth from surface to 2000m with an interval of 20 m at upper 500 m (100 m below 500 m) (same as Fig. 2a); b is
same as a but for percentages of long-term changes relative to the 1981-2010 average of global mean N2. Three interpolation methods are included:
Reiniger-Ross, Spline, and Linear interpolation. The dotted lines denote the observed N? estimates. The shadings are 90% confidence intervals from
5000 realizations.
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Extended Data Fig. 7 | Global 0-2000 m mean N? vertical sampling errors (VSE) associated with different vertical interpolation methods. a for
Reiniger-Ross (RR) method, b for spline interpolation and ¢ for linear interpolation. d, Relative error in N> changes with three different interpolation
methods based on 5000 realizations. The VSE for different T/S high-resolution climatology fields subsampled by historical observation locations are
shown as dots, with the solid line and the error bar for the median and 90% confidence interval (Cl), respectively. The sticks in (d) denote the [5%, 95%]
Cl of the linear trends based on all realizations using Monte Carlo approach. The fitted Gaussian distribution is included for comparison in (d).
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Extended Data Fig. 8 | Annual mean 0-2000 N? anomaly compared with the Nifio 3.4 index. a for the Global (GIb) and Pacific (Pac) Ocean, b for
Atlantic (Atl), Indian (Ind) and Southern (So) oceans. For N? time series, a high-pass filter with cut-off frequency of 1/102 (period of 8.5 years) is applied.
To gain better illustration of interannual variability, all the time series are smoothed by a 13-month running smoother'” weighted by (1, 6, 19, 42, 71, 96,
106, 96, 71, 42,19, 6, 1)/576. The correlation between Nifio 3.4 index (shading) and N? time series (solid lines) are provided at zero lag and * sigh means
it is statistically significant at the 90% confidence level. Nifio3.4 index is obtained from the National Oceanic and Atmospheric Administration Climate
Prediction Center (NOAA/CPC) (https://psl.noaa.gov/data/correlation/nina34.data).
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Extended Data Fig. 9 | Results of decomposing analysis of 0-2000 m mean N? change. a, Spatial pattern of residual term (Res). b, Basin-mean linear
trends of the observed change and its contributors (caused by the temperature, salinity and Res changes). The Res is calculated by the difference between
the observed linear trends in N? (see in Fig. 4a) and the sum of temperature and salinity contributions (see Fig. 4b, c). The dot and the error bar in panel
(b) denote the median and 90% confidence interval, respectively.
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Extended Data Fig. 10 | Ensemble members of 0-2000 m mean N? time series and frequency distribution of their trends. a, 5000 realizations of global
mean N? time series and its ensemble median. b, Distribution of the estimated per cent changes of N? from these 5000 realizations, with their ensemble
median and 90% confidence interval (Cl) shown in dashed red line and pink shading, respectively. The per cent changes are relative to 1981-2010
climatological N2. The fitted Gaussian distribution is included for comparison. The blue bar indicates the estimate (median and 90% CI) when only VES are
taken into account in creating 5000 realizations; the green bar indicates the results when only horizonal and instrumental errors are taken into account.
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