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since2013
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Seasurface temperature increase in the global ocean exhibits marked spatial
and temporal variations, with warming in the North Pacific significantly

higher thanin other basins since 2013. This accelerated warming is related
to ashoaling of ocean surface mixed-layer depth and is partially dampened
by anincrease inanomalous net surface heat flux from the ocean. Among
heat-flux components, latent heat flux is dominant.

Theincrease inglobal ocean temperature during the past few decades
hasbeenwell documented'. However, the warming trends vary both
spatially and temporally. For example, in the tropical Pacific, where EI
Nifio/Southern Oscillation events occur every 3-7 years, there has been
anappreciable warming trend in the west and minor cooling tendencies
in the east*®. The strengthened zonal mean sea surface temperature
(SST) contrast across the tropical Pacific driven by enhanced trade
winds was acrucial driver for thetriple-dip LaNifiain2020-2023 (ref. 6).
Recently, ithasbeen noted that, compared with SST trendsin the tropi-
cal Pacific (30° S-30° N), the tropical Indian Ocean (30° S-30° N), the
North Atlantic (30° N-60° N), the tropical Atlantic (30°S-30° N) and
the Southern Ocean (30° S-60° S), the SST warming trend inthe North
Pacific (30° N-60° N) was largest during 2000-2022 (ref. 3). The acceler-
ated warminginthe North Pacific was manifested in part by marine heat-
waves over the past decade, notably the ‘Blob’in 2014-2016 (refs. 7,8)
and alater pronounced marine heatwave in 2019 (ref. 9).

Referring to the mean in 1981-2010 as the baseline for compari-
son, the SST anomaly (SSTA) averaged in 2013-2023 was the highest
in the North Pacific compared with other basins (Fig. 1a,b). Tempo-
rally, during 2000-2012 (Fig. 1c,d), the SSTA changes averaged for
the global ocean (60° S-60° N; curve) and North Pacific (20° N-60° N,
120° E-110° W; shading) were comparable and relatively small associ-
ated with the hiatusin global warming'®. However, since 2013, positive
anomaliesinthe North Pacific have exceeded those for the global ocean
with the differencesin SSTA changesindicating afaster warmingin the
North Pacific compared with the global ocean. The SSTA difference
pattern and temporal evolution based on version 5 of the Extended
Reconstructed SST (ERSSTv.5; Fig. 1a,c) and the UK Met Office Hadley
Centre’s monthly mean global seaice and SST data (HadISST; Fig. 1b,d)
aresimilar to those based on the latest version of Optimum Interpola-
tion SSTs (Olv.2.1) and the Operational Sea Surface Temperature and

Ice Analysis (OSTIA) SST (see Methods), indicating the robustness of
the SSTA spatial and temporal variations.

Zonally averaged SSTA shows that the remarkable warming that
emerged in the North Pacific around 2013 was stronger than that
observedinthe South Pacific (Fig. 1e,f). Maximum warmingin the North
Pacific varied with latitude during 2013-2023, with positive anomalies
present mainly in the low (20° N-30° N) and high (50° N-60° N) lati-
tudes during2014-2017 and in the middle latitudes (30° N-50° N) since
2018.The accelerated warming in the North Pacific may not be simply
related to well-known modes of natural climate variability such as the
Pacific Decadal Oscillation (PDO)". The PDO spatial pattern flips sign
betweenthe easternand western North Pacificin contrast to observed
basin-scale warming between 20° N and 60° N during January 2013-
December 2023. The PDO has tended towards negative values over the
pastdecade, which might account for some of the observed warming
inthe western North Pacific, but notin the eastern North Pacific, where
thelargest warming was observed (Fig.1a,b).Indeed, relative to abase-
line of January 1981-December 2010, the pattern correlation between
the PDO SSTA and observed SSTA over January 2013-December 2023
in the North Pacific is only 0.30. This result suggests that PDO cannot
be the major factor accounting for the domain-averaged warming in
the North Pacific for this period.

Associated with the accelerated SST warmingin the North Pacific,
the depth of the ocean mixed layer (OML; Fig. 2a) shoaled most notably
between 40° N and 60° N since 2013. A shallower OML means that the
OML has a lower heat capacity so that the same downward heat flux
can lead to a larger near-surface warming. For example, it has been
suggested that multi-decadal shoaling of OML was a contributor to
the 2019 Northwest Pacific marine heatwave and that anthropogenic
OML shoaling would amplify marine heatwaves in a warmer climate’.
It was further argued that global warming may shoal the OML due
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Fig.1|SSTA in the global ocean and the North Pacific. a,b, Mean SSTA
differences between January 2013-December 2023 and January 1981-December
2010 from ERSSTV.5 (a) and HadISST (b). ¢,d, Monthly mean SSTA averaged
inthe global ocean (60° S-60° N; curve) and the North Pacific (20° N-60° N,

120° E-110° W; shading) for January 2000-December 2023 from ERSSTv.5 (c)
and HadISST (d). e,f, Zonally averaged (120° E-110° W) monthly mean SSTA for
January 2000-December 2023 from ERSSTv.5 (e) and HadISST (f).

mainly to increasing upper-ocean stability'>. Thus, the OML shoaling
in the North Pacific, which is potentially driven by global warming,
appearstobea crucial contributor to the warming in the North Pacific
since 2013 (ref. 3).

Anomalous surface heat fluxes can also affect SST. On average,
there hasbeenananomalous net heat flux from the oceanto the atmos-
phere during 2013-2023 (mainly in the mid-latitudes, 20° N-40°:N;
Fig.2b,c), to dampen the warming in the North Pacific. The increased
heat loss from the ocean to the atmosphere in the North Pacific has
beennoted for net heat flux during1988-2005 (ref.13) and latent heat
flux during 1988-2008 (ref. 14). The increase may be linked to multiple
factors, includinganincreasein wind speed, anincreaseinseasurface
saturated air humidity and adecrease in near-surface air humidity™".
However, we also note alarge increase of net downward heat flux (from
atmosphereto ocean) over the shallowed mixed layerin alarge part of
the North Pacific, north of 40° N and the Kuroshio Extension (Fig.2a,b),
which contributes to the warming.

Quantitatively, for the average observed SSTA warming of 0.59 °C
over 2013-2023 compared with the baselinein 1981-2010 in the North
Pacific (20° N-60° N;120° E-110° W; Fig. 2d), about 119% (equivalent to
0.70 °C) was related to OML shoaling. This warming was partially offset
by an increased anomalous net heat flux out of the ocean equivalent
to-0.14 °C, or 24% of the total warming. Among the surface heat-flux
components, latent heat flux by itself would have produced a cooling of

-0.14 °Cover the past decade (black narrow bar in Fig. 2d). Thus, latent
heat flux determined the sign, magnitude and spatial structure the of
anomalous oceanic heat loss over this period (Fig. 2b,c), consistent
with previous analyses'. The nonlinear term based on the covariance of
OML and surface heat flux (third term on the right side of equation (3))
represents a negligible cooling effect of -0.07 °C, equivalent to 1% of
the overall SSTA warming. Adding for all the terms (0.56 °C) accounts
for 95% of the total warming (0.59 °C).

How much of this accelerated warming results from processes
internal to the North Pacific compared with remote forcing from
higher or lower latitudes, or from other ocean basins, is an open
question. Likewise, the extent to which SST warming, upper-ocean
stabilization and OML shoaling may reinforce one another to further
accelerate warming in the North Pacificis animportant question. Our
analysis of the surface heat balance has shown that accelerated warm-
ing in the North Pacific since 2013 has been favoured by shoaling of
the OML and dampened by increased latent heat flux from the ocean
surface. However, our heat budget analysis addresses only the effects
of heat storage in the OML as it influences SST warming. We have not
closed the heat balance (Fig. 2d), and other terms that we did not
explicitly compute (for example, lateral advection, eddy transports
and/or vertical entrainment) must also beimportant. Assessing these
mechanismsisanecessary nextstep butone whichis beyond the scope
of this short note.
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Fig.2| Causes of the warming in the North Pacific. a-c, Mean (contours) in
January 1981-December 2010 and differences (shading) of OML depth (m) (a),
net downward heat flux (W m™) (b) and net downward latent heat flux at the
ocean surface (W m) (c) between January 2013-December 2023 and January
1981-December 2010. Dots in a-c denote significant differences at the 5% level
using attest. d, SSTA differences of each term based on equation (3) compared

with the observed SSTA differences averaged in 20° N-60° N, 120° E-110° W. The
black narrow bar ind represents the corresponding latent heat-flux component.
Positive (negative) anomalies in a mean deeper (shallower) OML; positive
anomaliesinb,c representincreased heat flux from the atmosphere to the ocean
(awarming effect) while negative anomalies represent increased heat flux from
the ocean to the atmosphere (a cooling effect).
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Methods

Monthly mean global SSTson a2 x 2 grid are from ERSSTv.5 since Janu-
ary 1854 (ref. 15), which are derived from the SST of the International
Comprehensive Ocean-Atmosphere Dataset Release 3.0 (ICOADS) and
Argo floats above 5 m, and HadISST2 ice concentration. The improve-
ments in ERSSTv.5 include (1) reducing spatial filtering in training
the reconstruction functions empirical orthogonal teleconnections
(EQTs), (2) removing high-latitude dampening in EOTs and (3) adding
ten more EOTsin the Arctic.

Toverify the robustness of the results, we also used the HadISST",
the monthly mean SSTs from Olv.2.1 (ref. 17) and OSTIA'. The Had-
ISST is on a1° latitude-longitude grid from 1870 to present. The SST
data are taken from the Met Office Marine Data Bank (mainly ship
tracks) and ICOADS through 1981 and a blend of in situ and adjusted
satellite-derived SSTs for 1982 onwards. The ‘bucket correction’ was
applied to SSTs for 1871-1941 to correct biases caused by instrument
changes. The Olv.2.1 monthly mean SSTs are available since September
1981; they are computed from the latest version of daily Olv.2.1 SSTs.
Olv.2.1incorporates observations from different platforms (satellites,
ships, buoys and Argo floats) into a regular global grid. Satellite and
ship observations are referenced to buoys to compensate for plat-
form differences and sensor biases. The OSTIA monthly mean SSTs
areavailable sinceJanuary 1985; they are computed from the daily SST
thatis determined by satellite data from both infrared and microwave
radiometers together with in situ observations.

Monthly mean heat fluxes are derived from ERAS5 (the
fifth-generation European Centre for Medium-Range Weather Fore-
casts atmospheric reanalysis)'’, and monthly mean depth of the OML
is from the Global Ocean Data Assimilation System” for the period
from January 1979 to December 2023. The anomalies are relative to
the climatologies 0f 1991-2020.

For the heat balance in OML:

o_ @
ot~ pCyh

+ Advection + Mixing o

where tis time, Tis SST, Q is the downward net heat flux at the ocean
surface, p is water density (=1,020 kg m™), C, is heat capacity (=4,187
Jkg'°C?andhisthe depth of the OML. Let

T=Ty+T
Q=Q +Q

H=hy+h'

where the subscript zero denotes mean values, and the prime repre-
sents the change from the mean. By ignoring the advection and mixing
changes, the heat balance for the mean state is

0Ty~ Q
3t " pChg @
with (R')? «(h,)? then,
or ~ Qo +Q Q @ Q Qol’ Qn

== - ~ - - (©)
ot pCylho + ) pCohy ~ pCohy  pCoh2  pC,h2

Inthis analysis, Q,and h, are represented by their monthly clima-
tological valuesin1991-2020. The differences are defined asbetween

themeansinJanuary 2013-December 2023 andinjanuary1981-Decem-
ber 2010. The significance of the differences is tested at the 5% level
usingattest.

Data availability

The ERSSTV.5 (ref. 15), HadISST SST*, Olv.2.1SST”, OSTIA SST'®, ERAS
(ref.19) and GODAS™ reanalyses can be downloaded from https://psl.
noaa.gov/data/gridded/data.noaa.ersst.v5.html, http://hadobs.metof-
fice.com/hadisst/data/download.html, https://www.ncei.noaa.gov/
products/optimume-interpolation-sst, https://ghrsst-pp.metoffice.
gov.uk/ostia-website/index.html, https://climatedataguide.ucar.edu/
climate-data/era5-atmospheric-reanalysis and https://www.esrl.noaa.
gov/psd/data/gridded/data.godas.html, respectively.

Code availability
The GrADS (http://cola.gmu.edu/grads/) was used to perform the
analysis and generate all the plots in this paper.
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