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Satellites reveal different stories of

marine heatwaves in the sea-ice-covered

pan-Arctic

M| Check for updates

Xuewei Zhang ®, Ning Zhao ® 204, Zhijun Dai® '>< & Zhen Han®*

Satellite observations provide valuable information on the rapidly increasing marine heatwaves over
the Arctic Ocean, yet current assessments of these events lack reliability because the satellite-based
temperature in ice-covered regions heavily relies on ice conditions. Here we compared the marine

heatwaves derived from two commonly used satellite products to evaluate the potential influences of
sea ice in the pan-Arctic. We found inconsistent behaviors of marine heatwaves in both mean fields
and temporal variations on interannual and seasonal timescales using two datasets, which became

even larger in recent years when they showed opposite tendencies over regions with higher ice
concentrations (>50%). Our findings revealed our knowledge of marine heatwaves in the Arctic is
facing challenges due to the large influences of sea ice and datasets that were ignored in previous
studies, highlighting an urgent need for in situ observations and consistent and reliable long-time

datasets for the warming Arctic.

The global sea surface temperature (SST) has exhibited a clear warming
trend in recent decades', bringing more frequent extremely warm events in
the global oceans” (i.e., the marine heatwaves, MHWs). These extremely
warm events persist for days and months, significantly modulating the
marine ecosystems and the related human societies™. Particularly, some
recent studies found that MHWS have increased by about 34% during the
last hundred years (1925-2016)*" and could become even more frequent if
global warming continues’. In addition to the increasing occurrence, longer
MHWs also become more common in recent years, resulting in more
MHW-dominate days throughout the year®".

Among the regions undergoing the impact of global warming, the Arctic
suffers the most severe changes with a four-times faster SST warming than the
globe, which is known as the ‘Arctic amplification’*">. Meanwhile, the
decline of the sea ice in the Arctic”™"” also induces great impacts on the climate
and ecosystems'*"", Recent studies further demonstrated that the sea ice in
the Arctic experienced a clear regime shift to thinner and uniform ice cover in
2007 due to the loss of multiyear ice'’', while simulations further suggest a
seasonally ice-free Arctic may appear soon if the warming continues™.
Because of that, MHWs that were usually mentioned in lower-to-mid lati-
tudes are now a common and ‘hot’ phenomenon in this icy world, showing a
certain impact on the ocean state and related ecosystems™**,

Previous studies suggest that MHW activities in the Arctic kept
enhancing during the past decades, including their frequency, duration,

intensity, and areal coverage’”’, but such a trend was not homogeneously
distributed due to the different driving mechanisms”’. Meanwhile, declining
sea ice cover also accelerates Arctic warming and MHW activities by
enhancing heat transfer into the ocean™”. Meltwater-induced shallow
mixed layers also favor MHW activities”, particularly in regions with lower
sea ice concentrations (SIC < 50%°).

While the Arctic MHWSs have been extensively investigated in many
previous studies, most of them were performed using satellite-based SST
products™**'. Although these products provide valuable information that
allows the long-term monitoring of the Arctic, few studies have paid
attention to their limitations. For example, the satellite-based SST's heavily
rely on the ice conditions not only due to their close physical nature but also
because of the unavoidable influences of sea ice on the microwave signals
and processing algorithms™ . Meanwhile, different sensors and retrieval
algorithms would also generate noticeable differences among the
datasets’”’, which may have a large uncertainty in our assessments of
MHWs and their future changes™.

Therefore, in this study, we aim to provide comprehensive estimations of
MHWs in the sea-ice-covered pan-Arctic and their temporal variations
during the past four decades (1982—2023) by explicitly considering the
influences of sea ice and dataset selections on the MHW assessment. To do so,
two commonly used satellite SST products were obtained for extracting
MHWSs and intercomparison: the UK Met Office (0.05°) Operational Sea
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Surface Temperature and Sea Ice Analysis (OSTIA)™” and the National
Oceanic and Atmospheric Administration (NOAA) 0.25° daily Optimum
Interpolation SST dataset (OISST)*™*. According to our results, the SSTs in
the two datasets did not show similar behaviors with the presence of sea ice,
while inconsistencies were also found in their sea ice data. As a result, although
both datasets suggested enhanced MHW activities in the sea-ice-covered pan-
Arctic, we revealed the inconsistent behaviors of MHW s derived from the two
datasets on both interannual and seasonal timescales. Larger discrepancies
were observed in the recent few years when two datasets exhibited opposite
tendencies over ice-rich (SIC > 50%) regions, prohibiting our further con-
clusion on whether there was a new mode of MHW activity or just algorithm-
induced illusions. Moreover, compared to OSTIA, the updates in OISST
induced unignorable impacts on the SST performance in ice-covered regions,
which greatly influenced the MHWsS based on it.

Results and discussion
Revisit SSTs with the presence of sea ice
Our first issue in this study is to reveal how SSTs vary in the ice-covered
regions in these two commonly used satellite products. Figure 1 shows the
mean SST's and their variances under different sea ice conditions in the pan-
Arctic calculated with their original resolutions. In general, SSTs gradually
decreased from 2-3 °C to —1.8 °C (the lowest temperature in both datasets)
as the SIC increased, and similar negative correlations were found in their
variances. Specifically, when the SIC became larger than 50%, the SST and its
variance would reduce below 0 °C and 1 °C?, respectively, until they became
almost constant values in regions fully covered by sea ice (i.e., SIC > 95%).
Furtherly, it was found that the temperatures in OISST were 0.5-1°C
higher than those in OSTIA under most ice conditions"' until the update of
version 2.1 in 2016, which replaced the old linear proxy SST-ice regression
by the new salinity-related freezing point algorithm™. After that, the reduced
SSTs were likely to increase again in 2021, which might be related to the
recent update in 2021 when the AVHRR-only OISST began to use both
AVHRR and VIIRS data from the NOAA Advanced Clear Sky Processor for
Ocean (ACSPO) satellite SSTs*. Compared to that, the variability of SSTs in
OISST behaved in a different way, which had much higher variances than
those in OSTIA but was greatly reduced from 2004. Moreover, in contrast to
the regions with less ice, variances of SSTs did not change much in the high-
SIC regime (>50%) throughout the entire 42 years. The abovementioned
changes in OISST were quite clear if we looked at the time series of SSTs at

a) SST

OSTIA

some individual data points (Fig. 2; also see Supplementary Figs. 1 and 2). It
should be noted that although the newly updated proxy SST algorithm was
adopted with a lower SIC criterion of 35%, it could not explain the large
reduction of SSTs in the regions with SIC < 35% after 2016.

On the other hand, OSTIA has its own issue. As shown in Fig. 1b, an
apparent relaxation of the ice-SST correlation was found in OSTIA since
2016, indicated by the slightly increased SST and greatly enhanced variances
that favor the MHWSs*. However, it is challenging to attribute this possible
relaxation solely to the decline of sea ice (e.g., Fig. 3), because OSTIA also
updated its ice data from the OSI-450 to OSI-430/OSI-430-b from 2016
although the new data is an extension of the old one with the same pro-
cessing chain and algorithms™ (see Supplementary Fig. 3 for details).
Moreover, no clear signal was seen in the mean SSTs. Therefore, further
investigation is required in the future to confirm whether it is a potential
regime shift of ice-SST relation'’ or just an illusion induced by the updated
ice data. Another notable thing is that the use of near real-time data might be
one of the sources of the reduction of SST variance after 2022, although we
did not find any obvious inconsistency in mean SSTs or MHW metrics
before and after 2022 (e.g., Figs. 1a, 5, and 6).

Sea ice conditions in different datasets

After the confirmation of ice-SST relations, it is time to evaluate the sea ice
data used in two SST datasets (OSTIA and OISST). Figure 3 shows the
climatological mean distributions of sea ice in NSIDC (for reference),
OSTIA, and OISST along with their temporal variations. All three datasets
generally exhibited similar sea ice distributions, with relatively high SICs
(>50%) dominating most subregions in the Arctic, except those near the
North Atlantic Ocean likely due to the influence of warm currents. SIC
rapidly reduced to 0% outside the Arctic till it became rare south of 60°N. In
addition, a clear seasonal cycle could be seen in sea ice variations with the
maximum sea ice cover in March and minimum in September (Fig. 3g).
From a long-term point of view, most Arctic regions experienced a reduc-
tion of sea ice coverage due to global warming during the past four decades™,
except the central Arctic where a weak increasing trend was seen.

Despite the general similarities, some regional discrepancies should not
be ignored. Results show that the SIC in OISST presented a weaker decreasing
trend in the whole pan-Arctic but with a larger increasing trend in the central
Arctic compared to other datasets. This may be attributed to the change of data
source from NASA to NCEP since 2005, resulting in an evident change in its

b) Variance of SST
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Fig. 1 | Performances of sea surface temperatures (SSTs) under different sea ice
conditions. Hovmoller-like diagrams for the variations of (a, ¢) mean temperatures
and (b, d) their variances with respect to sea ice concentration (SIC) based on (a, b)

1990 1995 2000 2005 2010 2015 2020

1985 1990 1995 2000 2005 2010 2015 2020
d) Variance of SST

OSTIA and (¢, d) OISST. The dotted lines represent the SICs at 50% and 95%, and
the black lines in the right panels show the contour of 0.2 SST variance. Results were
obtained based on their original resolutions.
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variations (Fig. 3i). By contrast, although OSTIA had a larger seasonal
amplitude compared to NSIDC (Fig. 3h), they showed good agreement.

More details of sea ice differences could be shown by the area fractions,
which were calculated based on a constant total area (defined by the region
with climatological mean SIC > 1%; also see black contours in Fig. 4) and the
similar method for the sea ice extent (Fig. 3j-1). It is found that all three
datasets presented an increasing fraction of regions with less ice (SIC < 50%),
which gradually increased from ~40% to 50% during the past 42 years. Note
that the sudden reduction of the fraction of ice-free regions (SIC < 15%) in
OISST was likely induced by the change of ice data source from 2005.

On the other hand, they did not agree well in regions with more ice
cover, including most subregions in the pan-Arctic. Data from NSIDC
suggested that the high SIC region (>95%) has been declining gradually
during the past 42 years, which dominated a large area in the Central Arctic
and covered more than half of the Arctic region. Meanwhile, the area of
regions with SIC 50-95% remained almost unchanged. In contrast, the two
SST products exhibited a much smaller but unchanged high SIC region and
adeclining area of the regions with SIC 50-95%. One may consider that such
different presentations would not be a problem in sea ice assessment;
however, it was not the case when considering the SST was strongly influ-
enced by the SIC in satellite products, and lower SICs would allow the
existence of higher temperatures and variances and, therefore, influence our
estimation of MHWs.

General characteristics of the pan-Arctic MHWs

Figure 4 presents the extracted metrics of MHW:s in the pan-Arctic from
1982 t0 2023 based on OSTIA and OISST datasets. In regions without sea ice
influence (outside the black contours in Fig. 4), MHWs from both datasets
became more active, longer-lasting, and stronger, although OISST-derived
MHWs displayed shorter durations and lower intensities than those
in OSTIA.

However, with the presence of sea ice (i.e., areas within the black contour
in Fig. 4), MHWs behaved quite differently between the two datasets. As
shown in Fig. 4a, OSTIA-derived MHWs occurred more frequently in low-
SIC marginal seas (e.g., the Greenland Sea and the Barents Sea) and exhibited
stronger intensities, likely due to the influences of the North Atlantic current.
The mean duration of MHWs ranged from 16 to 20 days with no clear
regional dependency except for the central Arctic, where few long-lasted
MHWs were seen. Conversely, MHW: s derived from OISST are found to be
more active across the entire Arctic region even in regions with high SICs in
the central Arctic. This could be related to the larger variances found in
OISST within the high-SIC regime (e.g., Fig. 1). Moreover, compared to
OSTIA, MHWs s derived from OISST had an average duration of 4 days
shorter, and their mean intensities were also 1-2 °C lower.

When looking at the long-term variations, both datasets suggest more
and longer-lasting MHWSs tended to occur in the regions experiencing faster
sea ice decline (Fig. 3), especially in coastal regions of Eurasia. However,
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Fig. 3 | Sea ice conditions in the pan-Arctic. a-c Mean SIC distributions from 1982
to 2023, d-f their long-term trend, g-i the interannual and seasonal variations of
total sea ice area in the pan-Arctic with the annual mean (black lines), and
j-1variations of the area fractions for four different ice conditions based on (left)

1985 1990 1995 2000 2005 2010 2015 2020
=
15~50%

1]
g " h) OSTIA—NSIDC

. D 14 D
® Eq3 N N
o & o 13 o)
= %, S S
© = A 12 A
o 3 J J
» 211 VL J
> 310 ’X' 10 %

©
£5° ¥ o ;

8

(=] 1985 1990 1995 2000 2005 2010 2015 2020 1985 1990 1995 2000 2005 2010 2015 2020 1985 1990 1995 2000 2005 2010 2015 2020
= 105km?2 108km?

1985 1990 1995 2000 2005 2010 2015 2020

| —— ]
50~95% 95%~

NSIDC, (middle) OSTIA, and (right) OISST. Red and black contours in (a—c)
represent the climatological mean 95% and 50% SIC, respectively, and only sig-
nificant trends (p < 0.05) are plotted in (d-f) based on the Mann-Kendall trend test.
Results were obtained based on their original resolutions.

their distributions did not match well. It is shown that OSTIA-derived
MHWs had a widely distributed and larger increasing trend over the entire
Arctic region, but MHWS were limited in the coastal marginal seas only in
OISST, which even became fewer in the north of Greenland Island (Fig. 4g,
j). In addition to that, even more evident contrasts between the two datasets
could be found in the intensities of MHWSs, which exhibit opposite signs in
their long-term trends, especially for those in the coastal regions (Fig. 4i, 1).

Seasonal and interannual variations of MHWs
To present the detailed variations of MHWs in the pan-Arctic, Fig. 5
represents the monthly MHW metrics averaged over the ice-covered

regions (i.e., regions inside the black contours in Fig. 4) along with their
annual means (black lines). Despite the long-term increasing trends as we
mentioned before, MHWSs derived by the two datasets did not show many
similar variations on both interannual and seasonal timescales. It is found
that MHWs derived from OSTIA were quite rare and short-lived in the
Arctic before the 2000s, while their occurrence was slightly higher in
summer (JJA). After the 2000s, while MHW:s tended to occur more often
than before and lasted longer, no clear seasonal cycle could be seen except in
their intensities.

In contrast to the results based on OSTIA, an MHW-rich Arctic was
suggested by OISST, where long-lived (>10 days) MHWs could frequently
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Fig. 4 | Marine heatwaves (MHWs) in the sea-ice-covered pan-Arctic. a, d Total  (a-f) represent the target region in this study (climatological mean SIC = 1% in each
number of MHWSs and b, e the mean duration and ¢, f mean intensities of those dataset), and only significant trends (p < 0.05) within the target region are plotted in
individual MHW3s during the period from 1982 to 2023 based on (a-c) OSTIA and  (g-1) based on the Mann-Kendall trend test.
(d-f) OISST. g-1 Linear trends of annual mean MHW metrics. Black contours in
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occur in most months since the 1980s even in those with higher SICs (e.g.,
Fig. 3). Similar to OSTIA, occurrences, and durations of the OISST-derived
MHWs did not exhibit any pronounced seasonal cycle but with weak
increasing trends since the late 1980s. On the other hand, the OISST-derived
MHWSs had much lower intensities than those in OSTIA until they were
greatly enhanced after 2007.

While the two datasets have already shown discrepancies in the past
decades, their differences became even larger in the recent few years. As
shown in Fig. 5a, MHWs derived from OSTIA had a rapid increase in their
occurrence since 2019 with enhanced MHW activity except in winter, while
their durations remained unchanged and intensities became even lower than
before. Contrastingly, the MHW activity derived from OISST was suppressed
in the spring season after 2017, which was never observed before during the
whole study period, although their intensities were enhanced in summer”.

Particularly, considering the recent changes in OISST-derived MHW, it
is natural to relate them to the updates adopted in OISST which reduced the
mean SST's and variances (Fig. 1). As shown in Fig. 2 (also see Supplementary
Figs. 1, 2), SSTs and their variances became smaller than the years before due
to the higher SICs caused by the change of data source (e.g., Fig. 3i). As a
result, only the events with extremely high temperatures could exceed the
threshold (e.g., Supplementary Fig. 6) and be regarded as MHWS, leading to
the large enhancement of their intensities (Fig. 5f). Moreover, such a situation
became even clearer after 2016 when the SSTs and variances were further
suppressed due to the new freezing point algorithm adopted in version 2.1.
Consequently, our results suggest that frequent updates in datasets could
greatly influence the long-term variations of SST and MHW:s via the mod-
ified mean values and variances. Note that, compared to OSTIA, the updates
in OISST did correct those unrealistic warm SST biases and variances".

MHWs under different ice conditions

Our final issue is to confirm whether the sea ice conditions influenced our
MHW estimations much. Based on our previous results and for simplicity,
we divided the regions in the sea-ice-covered pan-Arctic into two categories:
less-ice regions with SICs < 50% and ice-rich regions with 50-95% SICs,
while the MHW metrics were obtained accordingly based on their SICs in
each month (Fig. 6; also see Supplementary Fig. 4 for seasonal variations).
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As shown in Fig. 6, although both datasets suggest the increase of less-
ice regions and the reduction of ice-rich regions, their MHWs behaved in a
different way. Along with the increasing fractions of less-ice regions (Fig. 3),
the MHW activities in both datasets were enhanced continuously during the
past four decades. Meanwhile, despite the relatively large interannual var-
iations, a similar increasing trend was also found in their durations.
Nevertheless, dramatic changes were observed in the ice-rich regions, which
is likely responsible for the previously found changes in recent years. It is
suggested that the occurrence of OSTIA-derived MHWS over ice-rich
regions was greatly enhanced after 2019 and became almost comparable to
those in less-ice regions, which probably caused the reduction in their
intensities. By contrast, OISST-derived MHWSs almost disappeared in the
ice-rich regions during the summer months (MJJA) from 2016 and were
also suppressed in other seasons (see Supplementary Fig. 4). Note that the
variations of MHWSs presented here are consistent with those found in
previous studies®™", but we obtained different stories since we used an
extended study period.

Although the recent variations of MHW activity in OISST were likely
induced by their updates in the data source and algorithm, a similar
explanation was not true for OSTIA, because its SST behaved consistently
throughout the entire 42-year study period and the previously found
relaxation started from 2016 (Fig. 1a, b). Further comparisons of SST and
SIC anomalies suggest the increase of MHW s was likely caused by the low
sea ice covers from 2019, which allowed the appearance of higher SST's in the
whole Arctic Ocean (see Supplementary Fig. 5), suggesting a potential new
mode of MHW activity in the pan-Arctic, especially over the ice-rich
regions. However, it should be noted that such a guess requires longer
monitoring and more in situ evidence before we could have a clue because
the current record is too short compared to the 2-5-year interannual cycles
of MHW activities (e.g., Fig. 5).

Conclusion

In this study, we investigated the complex connections between sea ice and
marine heatwaves (MHWs) in the sea-ice-covered pan-Arctic based on 42
years (1982—2023) of two commonly-used satellite SST products, OSTIA
and OISST. By comparing the MHWSs derived from them, we have
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demonstrated the large influences of sea ice on MHW characteristics,
highlighting the limitations of relying solely on satellite SST data for
assessing these extreme events.

While both datasets well represented the mean distributions of sea ice,
they did not exhibit similar temporal variations on seasonal and interannual
scales. Meanwhile, their different treatment for SSTs in ice-covered regions
induced large discrepancies in their MHWs. Although both datasets indi-
cated an intensification of pan-Arctic MHWS, unignorable inconsistencies
were observed in their spatial distributions and long-term trends, which were
more evident over marginal seas in the pan-Arctic. Moreover, our results also
revealed that MHWs in the two datasets experienced entirely different sea-
sonal cycles, except for their similar high intensities in summertime.

In addition, dramatic changes in MHW activities were also observed in
the recent few years, as indicated by a rapid enhancement from 2019 in
OSTIA and a great suppression from 2017 in OISST. Further analyses
suggest that such changes mainly occurred within regions with SICs of
50-95% in both datasets. One possible explanation for the suppression in
OISST is their newly updated SST algorithm in v2.1, which reduced the SSTs
over ice-covered regions by about 1°C after 2016. However, it remains
unclear whether the enhanced MHW activity in OSTIA was induced by
similar technical modifications or the potential shift of the Arctic climate
system. Note that extra analyses based on the 0.25° regridded OSTIA show
that our results and conclusions did not rely on the difference between the
spatial resolutions of the two datasets.

Our results indicate that our current assessments of MHW:S in ice-
covered regions are facing challenges due to the large influences of sea ice on
the SSTs via both their physical connections and technical issues, suggesting
more in situ observations and validations of satellite products are in urgent
need. Meanwhile, the results of OISST also remind us that the improved
algorithms and sensors may not only make the SST products more reliable
but also induce unignorable inconsistencies among their historical archives
or different versions, which should be considered and taken into account in
climate studies (see an example of long-term baseline comparison in Sup-
plementary Fig. 6).

Finally, it should be claimed that the results of this study are based on
only two satellite products and depend on the definition of MHWS. A more
reliable and clearer image of the limitations of different satellite sensors/
products may be obtained by detailed intercomparison of a wider range of
datasets along with their data uncertainties. Moreover, considering the
influences of sea ice on the SST analysis, a more practical and proper defi-
nition of MHW in the icy regions should also be considered in future studies.

Methods

Data

To investigate MHWS in the ice-covered pan-Arctic, two satellite-based SST
products that cover the study period of 1982—2023 were selected (OSTIA
and OISST), which have been used in many MHW studies***"*. Mean-
while, the sea ice data embedded in these two datasets were also generated
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from satellite observations. OSTIA uses the data from the product OSI-450,
OSI-430, OSI-430-b, and OSI-401-b of the Ocean and Sea Ice Satellite
Application Facility, while OISST uses the data from the National Aero-
nautics and Space Administration (NASA; 1981—2004) and the National
Center for Environmental Prediction (NCEP; after 2005). Note that we used
the reprocessed OSTIA dataset for the data before June 2022 and the near
real-time version after that due to their limited temporal coverages during
this study. These two datasets were created following the same procedures
including the same data assimilation processes and ice analysis”, and we did
not find obvious inconsistencies between them (e.g., Fig. 1), although the
reprocessed dataset includes a wider range of observations.

During our study period, there were several updates were adopted in
both two datasets, including the change of satellites, change of ice data, and
updated algorithms and schemes™****’, For ease of understanding, a brief
timeline diagram is provided in Supplementary Fig. 3 with notable changes
in the two datasets.

In this study, the ‘sea-ice-covered’ regions were defined as the 42-year
climatological annual mean SIC larger than 1% (see black contour in Fig. 4).
To examine the influences of sea ice on the SSTs and its long-term variations
in the pan-Arctic, the area of sea ice (grid area multiplied by the SIC) and the
sea ice extent (total area of grids with SIC > 15%) were calculated using the
SIC data combined within the SST products*’. Moreover, as the reference of
sea ice conditions, the monthly 25-km Climate Data Record of Passive
Microwave Sea Ice Concentration (V4)* is also obtained from the NOAA
and the National Snow and Ice Data Center (NSIDC).

Detection of MHWs

Following previous studies on the Arctic MHWs™”, the definition of
heatwaves is based on the seasonally varying 90th percentile threshold of the
daily-climatology-removed SST anomalies from 1982 to 2023". Conse-
quently, a heatwave event is defined as a period of warm SST anomaly
lasting 5 days or more, and the duration and the mean SST anomaly (i.e., the
intensity) are also obtained accordingly. This method was applied to SST
datasets (OISST and OSTIA) individually. After that, for ease of inter-
comparison and to reduce the potential influences of spurious MHWSs or
those that have a smaller scale than the eddies in the Arctic region’*, the
obtained heatwave metrics were regridded to a 1° x 1° mesh grid*”’. More-
over, we removed those MHW s when the monthly SIC was larger than 95%
because they are less reliable due to the small SST variances”, and the month
of each MHW was defined by its first occurrence time. Note that this 95%
SIC criterion is comparable to those in previous studies™” (see its corre-
sponding SST variance in Fig. 1).

After receiving MHWSs under 1°x 1° uniform grids, the monthly
metrics (occurrence, duration, and intensity) were estimated at each grid
point to evaluate their temporal variations. It needs to be clarified that the
duration of each month is the sum of the heatwave days in each month,
and the monthly intensity is also calculated in the same manner but
based on the averaged values. Unlike the other two metrics, the occur-
rence represents the counts of MHW:s in a certain area, which needs to be
weighted by their grid-cell areas. Moreover, the MHW occurrence would
only be counted once in its first month even if it continued in the
following months. Finally, to evaluate the MHWSs within the sea-ice-
covered pan-Arctic and the potential influences of sea ice, we excluded
the regions with the 42-year climatological annual mean SIC < 1% or the
regions south of 40 °N (i.e., outside the black contours in Fig. 4, which
represent the climatological mean SIC = 1%).

In addition, one may consider the comparison between OSTIA and
OISST in our current procedures is not an apple-to-apple one, because we
wish to exhibit their best performance, and the pre-smoothing or averaging
of high-resolution data may reduce their advantages. However, such a
comparison may result in potential unfairness. Therefore, we also provide
the results based on the pre-processed OSTIA, which were regridded from
0.05° to 0.25° by using area-weighted spatial averaging. As shown in Sup-
plementary Figs. 7, 8, and 9, the results of the regridded OSTIA were similar
to those obtained using its original resolution, suggesting our results and

related conclusions do not rely on the different resolutions between the
datasets.

Data availability

The data used in this study are listed as follows: the UK Met Office (0.05°)
reprocessed (before June 2022) and near real-time (after June 2022) foun-
dation SST from the Operational Sea Surface Temperature and Ice Analysis
system (OSTIA; https://podaac.jpl.nasa.gov/dataset/ OSTIA-UKMO-14-
GLOB-REP-v2.0 and https://podaac.jpl.nasa.gov/dataset/OSTIA-UKMO-
L4-GLOB-v2.0), and the Optimum Interpolation Sea Surface Temperature
(OISST; https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html),
and the NOAA/NSIDC monthly 25-km Climate Data Record of Passive
Microwave Sea Ice Concentration (V4; https://nsidc.org/data/g02202/
versions/4). The extracted monthly metrics of marine heatwaves are avail-
able at: https://doi.org/10.5281/zenodo.14552530.

Code availability
The MHW detection method is obtained from https://github.com/ecjoliver/
marineHeatWaves. The PyMannKendall package is publicly available at
https://github.com/mmhs013/pymannkendall. All analyses were per-
formed using Python.
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