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Abstract NOAA Daily Optimum Interpolation Sea Surface Temperature (DOISST) and other similar sea
surface temperature (SST) products indicate that the globally averaged SST set a new daily record in March
2023. The record-high SST in March was immediately broken in April, and new daily records were set again in
July and August 2023. The SST anomaly (SSTA) persisted at a record high from mid-March to the remainder of
2023. Our analysis indicates that the record-high SSTs, and associated marine heatwaves (MHWs) and even
super-MHWs, are attributed to three factors: (a) a long-term warming trend, (b) a shift to the warm phase of the
multi-decadal Pacific-Atlantic-Arctic (PAA) mode, and (c) the transition from the triple-dip succession of La
Nifia events to the 2023-24 El Nifio event.

Plain Language Summary Observation-based analyses such as the NOAA DOISST show that
global mean SST reached a record high in April 2023, breaking the previous record of global mean SST set in
March 2016, and the April 2023 record of global mean SST was broken again in July and August 2023. Our
study indicates that these record-breaking SSTs in 2023 resulted from record-high SSTs over much of the global
oceans and associated with widespread marine heatwaves (MHWs). Further analyses show that the record-high
SSTs are attributed to a long-term-warming trend associated with increasing greenhouse gases, a shift to the
warm phase of a multidecadal Pacific-Atlantic-Arctic (PAA) mode, and a warming associated with the
transition from 2020-23 La Nifia events to the 2023-24 El Nifio event.

1. Introduction

The globally (90°S-90°N) averaged SST estimated from NOAA Daily Optimum Interpolation Sea Surface
Temperature (DOISST) version 2.1 (v2.1; Huang, Liu, et al., 2021) reached 18.83°C on 4 April 2023 (Figure 1a).
This may have broken the previous record set on 6 March 2016 (18.78°C), which occurred during the historically
strong 2015-16 El Nifio event (Huang et al., 2016; L'Heureux et al., 2017). An unusual feature of this record-
breaking SST is that it happened immediately after a succession of triple-dip 2020-23 La Nifa events (Li
et al., 2023), during which the tropical Pacific SSTs were anomalously low. In contrast, record-high SSTs usually
occur during or soon after El Nifio events, such as in 27 August 2015 (18.66°C), and 6 March 2016 (18.78°C;
Figure 1a). The globally averaged SST continued to increase during July and August 2023, and new daily records
were set repeatedly as the 2023-24 El Nifio event intensified. This record-breaking SST in August 2023 is also
seen in other SST products (Brasnett & Colan, 2016; Donlon et al., 2012; Rayner et al., 2003), although their SST
values were slightly different (Figure S1 in Supporting Information S1). Although the globally averaged SST
decreased after August 2023 following its normal seasonal cycle, the SST anomaly with respect to the 1982-2011
climatology remained record high throughout 2023. These record-breaking SSTs were manifested by extremely
strong marine heatwaves (MHWSs; Amaya et al., 2023; Huang, Wang, et al., 2021; Holbrook et al., 2019; Oliver
et al., 2018; Sen Gupta et al., 2020). The purposes of this study are to review the evolution of the record-breaking
SSTs in 2023 and discuss the contributing factors.

2. Data Sets and Methods
2.1. Data Sets

The DOISST v2.1 is a global daily SST product with a resolution of 0.25° X 0.25° starting from September 1981
(Huang, Liu, et al., 2021), which blends in situ SSTs from ships, buoys, Argo floats, and satellite SSTs. The
satellite SSTs are from the Advanced Very High-Resolution Radiometer (AVHRR) SST measurements and
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Figure 1. Globally (90°S-90°N) averaged (a) sea surface temperature (SST) and (b) SSTA from 1982 to 2023 represented by
gray lines except for 2015, 2016, and 2023. The new SST records were noted with solid circles on 27 August 2015, 6 March
2016, 4 April 2023, and 21 August 2023. The climatology (CLM) and its two standard deviation (20) intervals are noted.

Advanced Clear-Sky Processor for Ocean (ACSPO; Ignatov et al., 2016) SSTs. The satellite SST biases are
adjusted according to in situ observations (Huang et al., 2017a; Huang, Liu, et al., 2021).

The Extended Reconstructed SST version 5 (ERSSTVS) is a long-term (starting from 1854) monthly 2° x 2° SST
product derived from in situ observations from ships, buoys, and Argo floats.

The UK Met Office Operational Sea Surface Temperature and Ice Analysis (OSTIA) v2 is a daily 0.05° x 0.05°
SST product starting from 1985 (Donlon et al., 2012). OSTIA includes in situ SSTs from ships and buoys, and a
variety of satellite instruments.

The Canadian Meteorological Center SST (CMC; Brasnett & Colan, 2016) v3 is a daily 0.1° X 0.1° SST starting
from September 1991. CMC v3 uses in situ SSTs from ships and drifting buoys, and a variety of satellite
instruments.

The UK Hadley Center Ice and SST (HadISST; Rayner et al., 2003) is a long-term (starting from 1870) monthly
1° X 1° product derived from in situ ships, buoys, and satellite AVHRR observations after the 1980s.

Ice concentration data are from HadISST version 2 (HadISST2; 1970-2015; Titchner & Rayner, 2014) in monthly
1° X 1° resolutions and NCEP (in and after 2016; Grumbine, 2014) in daily 0.25° X 0.25° resolutions.

Surface air temperature (SAT) data are from the fifth generation European Centre for Medium-Range Weather
Forecasts (ECMWF) Reanalysis (ERAS5; 1950-2020; Hersbach et al., 2020) in monthly 0.25° X 0.25° resolutions.

2.2. Methods

Using DOISST, the warm SST is characterized by MHWSs, which are defined by commonly used criteria that (a)
SSTAs are higher than the 90th percentile threshold based over the 1982-2011 period, and (b) the high SSTAs are
sustained for at least five consecutive days with gaps of less than 3 days (Amaya et al., 2023; Hobday et al., 2016;
Holbrook et al., 2019; Huang, Wang, et al., 2021; Sen Gupta et al., 2020). To describe the extremeness of the SSTs
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over the region of MHWs in 2023, super-MHWs are defined when the daily SST in 2023 exceeds the corre-
sponding maximum daily SST (SSTx) from the period of 1982-2022.

To understand the reasons for the record-high SSTs in 2023, the linear trends of SSTAs from monthly ERSSTvS
are calculated and filtered out. The detrended SSTAs are then decomposed into their first two Empirical
Orthogonal Functions (EOF1 and EOF2) (Kutzbach, 1967). EOF1 is associated with the El Nifio and Southern
Oscillation (ENSO) modes at timescale of 3—7 yrs (Philander, 1989). EOF2 is identified as a low-frequency mode
in the North Pacific, the North Atlantic, and the Arctic Oceans north of 30°N at timescale of approximately 70 yrs,
which is defined as the Pacific-Atlantic-Arctic (PAA) mode in this study.

3. Results
3.1. Record High SSTs

As shown in Figure 1a, the globally averaged SST in DOISST may have reached a record high since 1982 on 4
April 2023 (18.83°C). This record was broken again in mid-July and reached a new record high on 21 August
(19.00°C). After removing the climatological daily SST (computed over 1982-2011) at each spatial location, we
see that the globally averaged daily SSTA (0.81°C; Figure 1b) on the latter date is about 5 times the standard
deviation (¢ = 0.16°C), which exceeds the expected daily climatological value at the 99% significance level. The
record-high SSTA persisted from mid-March to the end of 2023.

These record-high globally averaged SSTs in 2023 result from the record-high SSTs in some regions of global
oceans (Figure S2 in Supporting Information S1): The SSTs were record high in the North Pacific, North Atlantic
and Southern Oceans in or after March 2023, and were near record high in the tropical Pacific and Indian Ocean
after August 2023.

In August 2023, for example, the average SSTAs were high in the tropical Pacific (1°—3°C), the North Pacific
north of 30°N (2°—6°C), the North Atlantic (2°—5°C), the Arctic coastal zone (2°—6°C), the tropical Indian
Ocean (1°C), and the Southern Ocean (1°—2°C) (Figure 2a). These high SSTAs are manifested strong MHW:s
(Figure 2b), defined by the criterion of SSTAs higher than the 90th percentile over 1982-2011. The MHW in-
tensity in the cumulative SSTAs in units of degree-day (DD) is clearly seen in the tropical Pacific (20—100 DD),
the North Pacific north of 30°N (20—150 DD), the North Atlantic (20—100 DD), the Arctic coastal zone
(>150 DD), the tropical Indian Ocean west of 90°E (20 DD), and the Southern Ocean (20—50 DD).

Those high SSTAs in Figure 2a can further be characterized by the super-MHWs (SST-SSTx; Figure 2¢) where
SSTs break the historic year-day record since 1982. Figure 2c¢ clearly shows such super-MHW s occurring in the
central tropical Pacific near the dateline (0.1°—0.2°C), the eastern tropical Pacific east of 120°W (0.1°—0.5°C),
the North Pacific north of 30°N (0.2°—1.0°C), the northern tropical Atlantic between the equator and 30°N (0.2°—
0.5°C), the northwestern North Atlantic south of Greenland (0.5°C), the Arctic coastal zone (0.5°—=2.0°), the
western Indian Ocean west of 90°E (0.2°-1.0°C), and the Southern Ocean (0.2°—1.0°C). These geographic
patterns of the super-MHWs are very consistent with the maximum SSTAs of MHWs reported in Sen Gupta et al.
(2020).

3.2. Reasons for the Record-High SST

The question is: what caused the record-high SSTs in August 2023? We address this question by examining a
decomposition of SSTA into three components: a warming trend, EOF1 representing the El Nifio and
Southern Oscillation (ENSO), and EOF2 representing the PAA mode.

Using ERSSTVS, the SST warming trends over 1950-2023 were calculated (Figure 3a), which show overall SST
warming over almost the entire global oceans. In particular, the SST trends are high in the tropical Indian Ocean
and western Pacific (0.10°-0.15°C per decade; °C/dec), the western-central South Pacific over 30°S—-50°S
(0.10°—=0.15°C/dec), the Bering Sea (0.25°C/dec), the northwestern North Atlantic (0.25°C/dec), the tropical
Atlantic (0.10°-0.20°C/dec), the western South Atlantic (0.25°C/dec), and the Arctic coastal zone (0.25°C/dec).
The pattern of these SST trends is, to some degree, similar to that of SSTAs shown in Figure 2a. For example, both
SSTAs and SST trends were high in the North Atlantic, particularly the northwestern North Atlantic. To explore
the contribution of this persistent SST warming trend to the record-high SSTs of 2023, the trend of SSTs
computed at each location was removed and the detrended SSTA was computed. The globally averaged SSTAs
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Figure 2. Record-high SSTAs in August 2023 expressed in (a) average SSTAs (°C), (b) conventional MHW intensity index
(degree-day), and (c) super-MHW intensity (°C).

with and without trends are compared in Figure 3b. This comparison shows that the high SSTAs since the 2010s
were largely a result of this long-term warming trend. In August 2023 the global average SSTA decreased from
+0.7°C to +0.4°C after this detrending.

The detrended global SSTAs were then decomposed into EOF1, EOF2, and their associated principal components
PC1 and PC2. EOF1 (Figure 3c) represents a typical ENSO pattern, whose magnitude fluctuates between 3 and
7 yrs (Philander, 1989) seen in PC1 (Figure 3d). EOF1 explains 17% of the detrended SSTA variance, with large
contributions from the central-eastern tropical Pacific, eastern North Pacific, the central South Pacific south of
40°S, and the western tropical Indian Ocean. Indeed, the globally averaged SSTA after detrending is clearly
associated with ENSO evolution represented by PC1 or commonly the Nifio3.4 index (Zebiak & Cane, 1987). The
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Figure 3. (a) SSTA trends (°C per decade) over 1950-2023, (b) Globally averaged SSTA, detrended SSTA, and Nifio3.4
index, (c) EOF1, (d) PC1, (e) EOF2, and (f) PC2 of the detrended monthly SSTA. Trends with significance level lower than
95% have been masked out in (a). A dotted-line with a 12-month filter is overlapped in (f).
correlation coefficient between the detrended SSTA and Nifio3.4 index (Figure 3b) is 0.6, which is significant at
the 99% level.
The largest loading of the PAA mode, which is represented by EOF2, is found in the North Pacific north of 30°N,
the North Atlantic north of 20°N, and the Arctic coastal zone (Figure 3e), which explains 6% of the detrended
SSTA variance over the global oceans. The explained variance increases to 12% when the analysis is confined
within the Northern Hemisphere oceans. As shown in Figure 3f, the PAA spans about 70 yrs, and it was in its
warm phase in the 1950-60s, cold phase in the 1970-90s, and warm phase again in the 2010-20s. The spatial
distribution of PAA north of 30°N is very similar to the patterns of the high SSTAs observed in August 2023 in
Figure 2a, and the warm phase of PAA after the 2010s matches the strong warming in 2023. This distribution and
coincidence with high SSTs suggest a close relationship between PAA and the record-high SSTs in 2023. The
sensitivity of the PAA mode to data periods and data sets will be discussed in Section 4.
HUANG ET AL. 5 of 10
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Figure 4. Averaged SSTA (°C), and SSTAs after removal of Trend and Trend + EOF2 in the (a) North Pacific (30°N-60°N),
(b) North Atlantic (30°N-60°N), and (c) Arctic (60°N-80°N).

The connection between the phase of the PAA and the record-high SSTAs in the PAA regions is shown by the
area-weighted average SSTAs in the North Pacific north of 30°N (Figure 4a), the North Atlantic over 30°N-60°N
(Figure 4b), and the Arctic coastal zone over 60°N—80°N (Figure 4c). When the SST trends were subtracted out,
the averaged SSTAs are greatly reduced in the North Pacific after the 2010s and in the North Atlantic and the
Arctic coastal zone after the 2000s. These SSTAs are further reduced when the PAA mode is removed by
subtracting the multiplication of EOF2(x, y) and PC2(t). On average (1950-2023), the SSTA variances over
30°N-80°N decrease by 31%—44%, 25%—42%, and 1%—3%, respectively, due to detrending and removing PAA
and ENSO projections (Table S1 in Supporting Information S1). In contrast, the variances in the global oceans
over 90°S-90°N decrease by 84%, 5%, and 5%, respectively, indicating the dominant role of the warming trend in
global SST change.

We note that clear seasonal fluctuations can be seen in PC2 (Figure 3f) and the Arctic SSTAs (Figure 4c) after
about 1995, which peak in the boreal summer (July—September) and plunge in boreal winter (January—March).
This suggests that the role of PAA in the SSTs in the PAA region is particularly strong during boreal summer,
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Figure 5. SSTA (°C) in August 2023 (a), and SSTAs after removal of (b) Trend, (c) Trend + EOF2, and (d) Trend + EOF2 +
EOFI.

while its role is relatively weak during boreal winter. The seasonal fluctuations of PAA may result from melted
sea-ice in high-latitude (https://climate.metoffice.cloud/sea_ice.html; Huang et al., 2017a) and therefore higher
SSTs in summer while SST is at a constant freezing point in winter. The reduction in sea-ice area is much faster in
boreal summer (Figure S3 in Supporting Information S1) than in winter.

The monthly SSTAs in August 2023 are displayed in Figure 5 when (a) the warming trend, (b) the PAA mode
[EOF2(x, y) X PC2(?)], and (c) the ENSO mode [EOF1(x, y) X PC1()] are successively subtracted. The original
SSTAs (Figure 5a) are high in central-eastern tropical Pacific (1°—3°C), the North Pacific (2°-3°C) north of
30°N, the North Atlantic (1°—2°C), the Arctic coastal zone (1°—3°C), the western Indian Ocean (1°C), and the
South Pacific east of New Zealand (1°C). After removing the warming trends (Figure 5b), these SSTAs are
reduced by about 0.5°C in those regions except for the tropical Pacific where warming trends are small as shown
in Figure 3a. After further removing the PAA mode (Figure 5c), SSTs are further reduced by about 0.5°—1.0°C in
the North Pacific north of 30°N, the North Atlantic, and the Arctic coastal zone. When the ENSO mode is
removed (Figure 5d), the SSTAs in the central-eastern tropical Pacific are reduced by 0.5°—1.0°C, but part of the
SSTA remains in the east due to the existence of ENSO influence not represented by the first ENSO mode. The
globally averaged SSTA variances are 0.59, 0.48, 0.34, and 0.29 K? in Figures 5a—5d, respectively, indicating
clear contributions of the warming trends (19%), PAA (24%), and ENSO (8%) to the record-high SSTs in August
2023. The impact of the detrending and the effects of PAA and ENSO modes on SST changes is demonstrated in
Figures S4 and S5 of Supporting Information S1.

4. Summary, Discussion, and Conclusion

The SST analyses based on NOAA DOISST show that globally (90°S-90°N) averaged daily SSTs appeared at
record high since 1982 on 4 April 2023 (18.83°C), and that record was continually broken from 16 July until 21
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August 2023 (19.00°C). These record-high SSTs resulted from record-high SSTs in the tropical Pacific, the North
Pacific north of 30°N, the North Atlantic, the Arctic coastal zone, the tropical Indian Ocean, and the Southern
Ocean. The record-high SSTs were manifested by strong MHWs and even super-MHWs. Our analyses indicate
that the record-high SSTs in the summer of 2023 were the result of the superposition of three contributors: the
long-term warming trend associated with increasing greenhouse gases (Schmidt et al., 2014); the warm phase of
the broad multidecadal PAA mode after the 2010s which is most pronounced in the boreal summer; and finally,
the increasing temperature associated with the transition from the cool La Nifia (2020-23) to the warm El Nifio
conditions beginning in 2023. Without the long-term warming trend, the other factors would have produced a
relatively warm year. It was the combination of all factors that produced the record warmth. It should be noted that
there may be other contributors to fully explain the residual SSTAs shown in Figures 4 and 5d. As reported by
Kuhlbrodt et al. (2024) and Schmidt (2024), full physical mechanisms for the extreme SSTs in 2023 need further
exploring.

The daily global records set by DOISST in 2015 and 2023 generally correspond to records set in other SST data
sets including OSTIA and CMC (Figure S1 in Supporting Information S1) but not always. For example, the
DOISST record high on 4 April 2023 was not found in OSTIA and CMC. Such differences mainly result from the
use of different algorithms for ship-SST bias correction, satellite-SST bias correction, and different spatial res-
olutions in analyses (Huang et al., 2023), which may represent the structural uncertainty of data analysis
(Parker, 2013; Yang et al., 2021). The uncorrected residual bias of —0.04° to —0.05°C in DOISST (Huang
et al., 2023) may also suggest the record-high SST on 4 April 2023 (18.83°C) may not be significantly different
compared to the previous record on 6 March 2016 (18.78°C).

The warming trends and EOFs were analyzed using monthly ERSSTvS5 from 1950 to 2023, when SST data are
most reliable. However, the analysis of ERSSTvS from 1900 to 2023 also resulted in very similar ENSO and PAA
modes and their associated PCs (Figure S6 in Supporting Information S1). In addition, the modes of ENSO and
PAA based on ERSSTv5 over 1950-2023 are consistent with those in the independent data set HadISST over
1950-2022 (Figure S7 in Supporting Information S1).

The PAA mode may directly be associated with Atlantic Multidecadal Oscillation (AMO) (Kerr, 2000; Schle-
singer & Ramankutty, 1994) in the Atlantic sector, which may further be associated with the Atlantic Meridional
Overturning Circulation (AMOC; Delworth & Mann, 2000; Latif et al., 2006). The AMO mode may also
contribute to the PAA in the Pacific sector in the form of the Pacific Decadal Oscillation (PDO; Tung et al., 2019;
Werb & Rudnick, 2023; Zhang & Delworth, 2007). In the Arctic sector, the PAA is directly associated with the
multidecadal fluctuation of the sea-ice area (Figure S8 in Supporting Information S1). Therefore, the PAA mode
may represent a coupled atmosphere-ocean mode in the Norther Hemisphere as indicated by EOF1 of the SAT
over the land and oceans in boreal summer at multidecadal timescale (Figure S9 in Supporting Information S1).

It should be noted that the quantification of MHWs may be dependent on defined thresholds such as the SST
climatology over 1982-2011 in this study (Amaya et al., 2023) and the SST percentile above the climatological
SSTs (Huang, Wang, et al., 2021). The super-MHWs represent extreme MHWs (Sen Gupta et al., 2020) above the
maximum SST, but the maximum SST may also be dependent on the time period, which is quantified over 1982—
2022 in this study. However, overall results were consistent as indicated in Huang, Wang, et al. (2021).

We note that the warming trend in this study is considered linear (Wang et al., 2022). One may argue that the
linear warming trend may be subjective and could be non-linear (Deser & Phillips, 2021; Frankignoul et al., 2017,
Xu et al., 2022). Further analyses (see details in Supporting Information S1) indicate that, when a quadratic
warming trend at centennial timescale starting from 1900 is applied and filtered out from the SSTAs, the low-
frequency mode remains unaffected (Figure S10 in Supporting Information S1). However, when a quadratic
warming trend at decadal timescale starting from 1950 is applied and filtered out from the SSTAs, the low-
frequency mode is damped greatly after 2000, which is demonstrated in the averaged SSTA in the North
Atlantic (Figure S11 in Supporting Information S1). Therefore, caution should be taken when applying a non-
linear trend.

In conclusion, the results shown in this study are consistent across different data sets and for analyses over
different time periods. The SSTs in 2023 were record high across regions of the global oceans; and the record-high
SSTs resulted from a combination of warming trend, PAA, and ENSO.
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