
1. Introduction
Previous studies showed that the ocean surface has been warming substantially over the past decades and centu-
ry (Huang et al., 2017 and references therein), which has led to increasing levels of public concerns and media 
interests. The ocean surface warming has greatly contributed to the warming of Earth's surface temperature 
(Vose et al., 2021 and reference therein). The warming has severely impacted marine ecosystems in the form of 
marine heatwaves (MHWs) (Beger et al., 2014; Hughes et al., 2018; Oliver, 2019; Oliver, Donat, et al., 2018; 
Stuart-Smith et  al.,  2018). Physically, MHWs have been defined as extreme oceanic events where and when 
sea surface temperature (SST) exceeds certain criteria associated with the long-term climatology and standard 
deviation (STD) (Hobday et al., 2016; Holbrook et al., 2020; Oliver, Perkins-Kirkpatrick, et al., 2018). The im-
pact of MHWs on marine ecosystems is directly associated with the heat tolerance of marine species (Genevier 
et al., 2019; Leung et al., 2019; Sorte et al., 2010; Straub et al., 2019; Winters et al., 2011). The heat tolerance is 
associated not only with the intensity of the underlying SST anomalies (SSTAs) but also with the frequency and 
duration of MHWs. Studies indicated that fisheries are sensitive to MHWs (Cheung & Frölicher, 2020; Frölicher 
et al., 2018; Frölicher & Laufkötter, 2018; Mills et al., 2013).

Previous studies indicated that MHWs can be triggered by atmospheric heating associated with high-pressure 
blocking, oceanic heating by advection, and El Niño events (Brainard et al., 2018; DeCarlo & Harrison, 2019; 
Lenanton et  al.,  2017; Walsh et  al.,  2018). MHWs have been detected in the global oceans (Baker-Austin 
et al., 2013; Gentemann et al., 2017; GBRM, 2017; Miyama et al., 2021; Oliver et al., 2017; Pearce & Feng, 2013; 
Schlegel et al., 2017), where their globally averaged frequency and duration have been increasing over time as a 

Abstract Studies have indicated that marine heatwaves (MHWs) have had severe impacts on the marine 
ecosystem in the Pacific, Atlantic, and Indian Oceans, but there have been few studies focused on MHWs in 
the Arctic. On the other hand, amplified rapid warming in the Arctic region makes it a hotspot strategically and 
economically worldwide. In this study, we documented that the average intensity of MHWs in the Arctic was 
comparable with that in the other regions of the global oceans. The annual intensity, frequency, duration, and 
areal coverage of MHWs have increased significantly in recent decades. The increase of the annual duration 
is mainly owing to the postponed end time, thus the prolonged periods, of the MHW seasons. Our analysis 
indicates that the increasing trends of the annual intensity, frequency, duration, and areal coverage in the Arctic 
are closely associated with the increasing surface air temperature and decreasing sea-ice concentration under 
the global warming environment. These features are robust across three different sea surface temperature (SST) 
products and using different MHW criteria.

Plain Language Summary Events of extremely warm waters in the oceans are known as marine 
heatwaves (MHWs). Past MHW research has used sea surface temperature (SST) to diagnose MHWs and has 
focused on the tropical and subtropical oceans. The questions we address here are: (a) Are there any MHW 
events in the Arctic region where SSTs are generally low? and (b) Are the MHWs weaker or stronger in the 
Arctic than in the other oceans? Our study indicates that: (a) MHWs do exist in the Arctic, (b) their strengths 
increase with time, and (c) they are stronger than those in the other oceans in the most recent decades. These 
MHWs may have a strong impact on the Arctic bio-ecosystem due to their low heat tolerance since the seasonal 
variation of SST in the Arctic is small.
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consequence of global warming (Frölicher et al., 2018; Oliver, 2019; Oliver, Donat, et al., 2018). However, much 
less attention has been received by the Arctic Ocean (Hu et al., 2020). On the other hand, as the global warming 
continues and amplifies in the Arctic region, the region has become an international hotspot strategically and 
economically. In this study, we identify the MHWs and describe their features in the Arctic and its surrounding 
regions (Figure S1 in Supporting Information S1), using MHW definitions and metrics primarily based on Hob-
day et al. (2016) and Oliver, Perkins-Kirkpatrick, et al. (2018), as well as the timing of MHWs. These features 
are quantified using the NOAA Daily Optimum Interpolation Sea Surface Temperature (DOISST) v2.1 during 
1982–2020 (Huang et al., 2021; Reynolds et al., 2007). We also analyze the correlation of the MHWs with the 
atmospheric warming and sea ice retreat.

2. Data Sets and Methods
2.1. Data Sets

2.1.1. DOISST v2.1 SST and Ice Concentration

The NOAA DOISST v2.1 is a global daily SST product with a resolution of 0.25° starting from September 1981 
(Huang et al., 2021; Reynolds et al., 2002), which blends in situ and bias-corrected advanced very high resolution 
radiometer (AVHRR) SST measurements. The AVHRR SSTs were adjusted to the buoy SSTs at the nominal 
depth of 0.2 m. In the ice-covered regions, the proxy SSTs from ice concentrations (Banzon et al., 2020) were 
blended with other in situ and AVHRR SSTs, if available. Ice concentration data are from the National Aeronaut-
ics and Space Administration (NASA) (1981–2004) and National Centers for Environmental Prediction (NCEP) 
(2005–2020) (Cavalieri et al., 1996, 1999; Grumbine, 2014). SST and ice data can be accessed at https://www.
ncei.noaa.gov/products/optimum-interpolation-sst. The MHWs derived in DOISST were compared with those 
derived in CCI and MGDSST (Kurihara et al., 2006; Merchant et al., 2014, 2019).

2.1.2. CCI 2.0/2.1 SST

The European Space Agency (ESA) Climate Change Initiative (CCI) SST version 2.0/2.1 is a daily SST product 
with 0.05° resolution from 1981 to 2019 (Merchant et al., 2014, 2019). The CCI SST provides the mean SST at 
0.2 m depth, which is close to the nominal depth of drifting buoy measurements. The CCI SST includes both 
AVHRR and along-track scanning radiometer (ATSR) series. The biases in satellite observations were adjusted 
by recalibrating radiances using a reference channel. CCI applies a variational assimilation scheme to produce a 
gap-filled estimate of daily-mean SST. CCI v2.1 (1981–2016) is available at http://dap.ceda.ac.uk/neodc/esac-
ci/sst/data/CDR_v2/Analysis/L4/v2.1 and v2.0 (2017–2019) is available at http://dap.ceda.ac.uk/neodc/c3s_sst/
data/ICDR_v2/Analysis/L4/v2.0. The CCI SST in 0.05° resolution was re-gridded using simple arithmetic aver-
aging from 0.05° resolution to 0.25° for the purpose of MHW comparisons.

2.1.3. MGDSST

The Japan Meteorological Agency (JMA) Merged satellite and in situ data Global Daily Sea Surface Temperature 
(MGDSST) is a daily SST product at 0.25° resolution from 1982 to 2020 (Kurihara et al., 2006). The MGDSST 
uses SSTs derived from satellite infrared sensors (NOAA/AVHRR, MetOp/AVHRR), microwave sensors (Corio-
lis/WINDSAT, GCOM-W1/AMSR-2, AQUA/AMSR-E), and in situ SST from buoys and ships. The SSTs under 
sea ice are determined according to the statistical relation between sea-ice concentration and SST. The lowest 
SST is −1.8°C where the sea-ice concentration is 100%. The data are accessible at http://www.data.jma.go.jp/
gmd/goos/data/pub/JMA-product/mgd_sst_glb_D.

2.1.4. NOAAGlobalTemp-Interim

NOAAGlobalTemp-Interim (Vose et al., 2021) is a monthly surface temperature product in 5° resolution based 
on NOAAGlobalTemp v5 (Huang et al., 2020; Zhang et al., 2019). The NOAAGlobalTemp is SST over oceans 
and surface air temperature (SAT) over continents, while the SST in the Arctic (north of 60°N) is replaced by 
SAT in NOAAGlobalTemp-Interim. The NOAAGloblTemp-Interim was used to calculate the mean SAT in the 
Arctic. NOAAGlobalTemp-Interim is available at https://www.ncei.noaa.gov/pub/data/cmb/ersst/v5/2020.grl.
dat/interim.2020.
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2.1.5. GHCN-Daily SAT

The Global Historical Climatology Network-Daily (GHCN-Daily) (Menne et al., 2012) is an integrated database 
of daily climate summaries from land surface stations across the globe. The GHCN-Daily SAT was used to 
demonstrate the consistent evolution between SAT and surrounding SST. GHCN-Daily is available at https://
www.ncei.noaa.gov/products/land-based-station/global-historical-climatology-network-daily.

2.1.6. Cloud Cover

Cloud cover data sets are used to examine the feedback between SST and cloud. These datasets are the monthly 
1° × 1° cloud cover from the International Satellite Cloud Climatology Project (ISCCP). The data sets are avail-
able at https://www.ncdc.noaa.gov/isccp.

2.2. MHW Definition

The MHWs are detected when the following three criteria are satisfied: (a) SSTAs are higher than the 95th per-
centile threshold based on 1982–2011 period, (b) the high SSTAs are sustained for at least five consecutive days 
with gaps of less than 3 days, and (c) the SSTs are warmer than long-term mean summer temperature (LMST) 
(Maynard et al., 2008).

The daily SST percentiles on a specific day (e.g., August 15) were calculated using a centered 11-day data win-
dow (e.g., August 10–20) from 1982 to 2011, which is the same as in Hobday et al. (2016). However, we applied a 
conventional six-harmonics filter (Banzon et al., 2014) instead of a 30-day smoothing. The use of 95th percentile 
instead of 90th percentile is to rule out the MHWs due to the uncertainty of ice-SST statistics. The sensitivity of 
the MHW detection to the threshold was further tested by comparing MHWs in thresholds of the 97.5th, 95th, 
and 90th percentile criteria using DOISST v2.1 (Huang et al., 2021; Reynolds et al., 2002).

The reason for applying LMST criterion (c) is that marine species may be able to tolerate SSTs lower than LMST. 
The application of LMST eliminates MHWs in winter when SSTA satisfies the criteria (a) and (b) while SST is 
lower than LMST. LMST at each oceanic grid was calculated as follows: (a) Identify the day of the year (e.g., 
August 15) when the daily SST climatology is at maximum, and (b) calculate the 91-day average SST centered 
on this date (e.g., from 1 July to 29 September). The annual averages of standard deviation (STD), climatology, 
and LMST of SSTs during 1982–2011 in DOISST v2.1 are shown in Figure S2 in Supporting Information S1 for 
readers' reference.

Based on the above MHW definitions, as examples, strong MHWs happened in the Kara Sea and Laptev Sea 
from early July to mid-October, as seen in the SSTs surrounding Bely Island (73.3°N, 70.0°E) and Barrow AP 
(71.3°N, 156.8°W) (Figures 1 and S1 in Supporting Information S1) when SSTs exceeded the 95th percentile 
threshold and LMST.

2.3. Annual MHW Metrics

To describe the physical features of MHWs that impact marine species in accordance with previous studies (Hol-
brook et al., 2020), the following annual metrics are used:

2.3.1. Intensity

The intensity of an MHW for a specific year is quantified by the maximum SSTA and mean SSTA of all the events 
observed within the year. It should be noted that the overall strength of MHWs should be examined in combina-
tion of the intensity with other metrics such as duration, frequency, and areal coverage.

2.3.2. Durations and Timing

When an MHW is detected, its start time and end time are logged. The mid-time is calculated as the average of 
the start and end times. The duration of the MHW is calculated as a time interval between the start and end times. 
Since multiple MHWs may exist within a year, the maximum duration and total duration are defined within the 
year: the maximum duration is selected among durations of all events, and the total duration is a sum of durations 
of all events. To better describe the seasonal features of MHWs within a year, the earliest time, latest time, and 
mean time are defined: the earliest time is set to the start time of the first event, and the latest time is set to the end 
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Figure 1. Evolution of marine heatwaves (MHWs, red shaded) surrounding (within 2.5° × 2.5° box) Global Historical 
Climatology Network stations at (a) Bely Island (73.3°N, 70.0°E) in 2020, (b) Bely Island in 2016, and (c) Barrow AP 
(71.3°N, 156.8°W) in 2007 indicated by sea surface temperature (SST, solid black), climatological SST (SSTc, dotted green), 
MHW SST criterion (95th percentile SST, solid green), long-term mean summer temperature (LMST, solid blue), and surface 
air temperature (SAT, dotted black). A 7-day running filter is applied to SAT.
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time of the last event. The mean time of MHWs is defined as the averaged mid-times (Tn) weighted by durations 
(Dn) of the multiple events (N): 𝐴𝐴

∑𝑁𝑁
𝑛𝑛=1(𝑇𝑇𝑛𝑛×𝐷𝐷𝑛𝑛)
∑𝑁𝑁

𝑛𝑛=1 𝐷𝐷𝑛𝑛
 .

2.3.3. Frequency

Frequency is the total number of MHWs within a year. An MHW cannot last from the current year to the next 
year at high latitudes, in contrast to the situation in the tropical oceans.

2.3.4. Areal Coverage

To describe the spatial extension of MHWs, the areal coverage is calculated as the ratio between oceanic area 
with MHWs within a year and total ocean areal north of 60°N.

3. Results
3.1. Marine Heatwaves

Figure 2 shows the averages (1982–2020) of annual MHW metrics. The maximum SSTAs during MHWs are 
between 3°C and 5°C in the Barents Sea, Kara Sea, Laptev Sea, East Siberian Sea, Chukchi Sea, Beaufort Sea 
and Baffin Bay, and between 3°C and 4°C in the Norwegian Sea and Greenland Sea (Figures 2a and S1 in Sup-
porting Information S1). The pattern of mean SSTAs (Figure 2b) is very consistent with that of maximum SSTAs 
in Figure 2a. The magnitude of mean SSTAs is between 0.6°C and 1.2°C, which is as large as that in the rest of 
the world's oceans (Figure S3a in Supporting Information S1), being consistent with Oliver, Donat, et al. (2018).

The maximum duration (Figure 2c) is 20–30 days in the Barents Sea, Kara Sea, Laptev Sea, East Siberian Sea, 
Chukchi Sea, Beaufort Sea, and Baffin Bay, and 10–20 days in the Norwegian Sea and Greenland Sea. The total 
duration (Figure 2d) is 20–50 days in these regions except for the Norwegian Sea, which is comparable to that 
(10–60 days) in the tropical–subtropical oceans (Oliver, Donat, et al., 2018). That the total duration is generally 
longer than the maximum duration is consistent with a frequency of 1–2 events in most of the Arctic (Figure 2e) 
and 2–3 events in the Labrador, Barents, and Greenland Seas surrounding the Svalbard Archipelago. The fre-
quency is clearly lower than that in the Pacific, Atlantic, and Indian Oceans (Oliver, Donat, et al., 2018). The 
mean time of MHWs in the Arctic is between early August and mid-September (Figure 2f). Note that the region 
with SST STD less than 0.2°C (Figure S2a in Supporting Information S1) has been masked out, since the MHW 
activities are less reliable due to high concentration of sea ice and low SST STDs.

To illustrate the time evolution of MHWs, the annual metrics (Figure 3) were averaged in the Arctic region north 
of 60°N where SST STDs are greater than 0.2°C (Figure S2a in Supporting  Information S1). The regionally 
averaged maximum SSTAs were 2.5°C to 3.0°C during 1982–2006 and approximately 4.0°C during 2007–2020 
(Figure 3a), while the mean SSTAs increased from about 0.5°C during 1982–2006 to about 0.8°C during 2007–
2020 (Figure 3b). An increase of SSTAs in 2007 is also exhibited in CCI and MGDSST (Figures S4a, S4b in 
Supporting Information S1). The increase in maximum and mean SSTAs during 2007–2020 may be associated 
with a significant reduction of ice concentration in 2007 (climate.gov; Giles et al., 2008) (see Section 3.2).

The strengthening of MHWs in the Arctic can be seen more clearly in annual metrics of maximum and total 
durations, frequency, and areal coverage ratio (Figures 3c–3f). The maximum duration increased from about 
10.7 days during 1982–2000 to 20.7 days during 2000–2020 (Table S1 in Supporting Information S1). The total 
duration increased from about 13.5 days during 1982–2000 to 28.7 days during 2000–2020, which is associated 
with an increase of frequency from about 1.36 during 1982–2000 to 1.79 during 2000–2020. The areal coverage 
increased from about 10.6% during 1982–2000 to 36.3% during 2000–2020.

It was found that the mean time of MHWs (Figure 3g) was approximately on 1 August (Table S1 in Support-
ing Information S1) during 1982–2000. However, during 2000–2020, the mean time was extended to 17 August. 
Further analyses indicate that the extended mean time was due to an extended latest time, while the earliest time 
changed little (Figure 3h). The latest time occurred approximately between 11 August during 1982–2000, and 
extended to 8 September during 2000–2020 due to stronger atmospheric warming in August and September (see 
Section 3.2). The combination of a near-constant earliest time and an extended latest time was consistent with a 
longer total duration during 2000–2020.

http://climate.gov
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The strengthening of MHWs can be quantified by the positive trends of the annual MHW metrics during 1982–
2019 (Table S2 in Supporting Information S1). The use of 1982–2019 is for the intercomparison purpose among 
three SST data sets. Almost all MHW metrics strengthened significantly except for the earliest time. Overall, 
these results clearly indicate the strengthening of MHWs in the Arctic region during 1982–2020.

It should be noted that the features of MHWs described above are based on the 95th percentile threshold in the 
period of 1982–2011. Changes in thresholds may affect the detection of individual MHWs, but our tests show 
that the overall impact is small. When the 97.5th and 90th percentile thresholds are used in the MHW detection, 
the MHW metrics of spatial (not shown in figure) and temporal variations (Figure 3) are similar to those at the 
95th percentile threshold. The MHW features derived from DOISST v2.1 with the 95th percentile threshold are 
consistent with those derived from ESA CCI version 2.0/2.1 and JMA MGDSST at the 95th percentile threshold 

Figure 2. Average (1982–2020) marine heatwave metric derived using the 95th percentile threshold: (a) Maximum sea 
surface temperature anomaly (SSTA), (b) Mean SSTA, (c) Maximum duration, (d) Total duration, (e) Frequency (number of 
events), and (f) Mean time. Units are °C in (a) and (b), day in (c) and (d), none in (e), and month in (f). The region where SST 
STD is less than 0.2°C (Figure S1a in Supporting Information S1) is masked out. Bely Island (73.3°N, 70.0°E) and Barrow 
AP (71.3°N, 156.8°W) are marked with two blue dots.
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(Figure S4 and Table S2 in Supporting Information S1), indicating the robustness of the MHWs in the Arctic 
region.

3.2. Potential Mechanisms for Strengthening MHWs

The strengthening of MHWs was consistent with the increase of SAT in June–October during 1982–2020 
(Figure 4a). The significant positive correlation between SAT and MHW metrics, except the earliest time (Ta-
ble S3 in Supporting Information S1), indicates that the increase of MHWs in recent decades was correlated 
with the increase of SAT over the Arctic region. The increase of MHWs was correlated with a decrease of ice 

Figure 3. Average (north of 60°N where standard deviation of sea surface temperature (SST) >0.2°C in Figure S1a in 
Supporting Information S1) marine heatwave metric using criteria of the 97.5th (solid black), 95th (solid red lines), and 90th 
(solid black lines) percentile thresholds: (a) Maximum SST anomaly (SSTA), (b) Mean SSTA, (c) Maximum duration, (d) 
Total duration, (e) Frequency (number), (f) Area ratio, (g) Mean time, and (h) Earliest (dashed lines) and latest (solid lines) 
times. Units are °C in (a) and (b), day in (c) and (d), none in (e), percent (%) in (f), and month in (g) and (h). Dotted lines 
represent the linear fittings.
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concentration, and may also be correlated with a slight increase of cloud cover (Figures 4b and 4c, Table S3 in 
Supporting Information S1).

Previous studies showed that the warm SAT reduces upward sensible heat transfer and enhances downward 
infrared radiation, and therefore warms the SST (Bonne et al., 2015; Dobricic et al., 2020; Zhang et al., 2020). 
The reduced ice concentration results in a decrease of reflected solar radiation, increases the absorption of solar 
radiation in the ocean, and further warms the SST (Lee et al., 2017; Screen & Simmonds, 2013). The increase of 
SST is consistent with a higher cloudiness (Gu et al., 2021; Wang & Key, 2003) and downward infrared radiation 
that further increases the SST (Abe et al., 2016; Holbrook et al., 2020; Vavrus, 2004). Note that the increase of 
cloudiness resulted in a lower downward solar radiation, which was nevertheless overwhelmed by a lower upward 
solar radiation due to reduced ice concentration in the Arctic.

Figure 4. Averages (north of 60°N where sea surface temperature standard deviation >0.2°C in Figure S1 in 
Supporting Information S1) of (a) Surface air temperature (SAT) anomalies (°C) from NOAA Global Temperature -Interim, 
(b) ice concentrations (%) from NASA and NOAA, and (c) cloud covers from International Satellite Cloud Climatology 
Project in June (dashed black), July (solid red), August (solid green), September (dashed light blue), and October (dashed 
purple). A 3-year running filter is applied in (a) and (c). Dotted lines represent the linear fittings.
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The SAT increase, however, is not uniform in June–September (Figure 4a) due to the seasonal dependence of 
the Arctic polar-amplification (Screen & Simmonds, 2013). The SAT increase was higher in September–October 
than in June–July during 2000–2020 (Tables S4 and S5 in Supporting Information S1), which resulted in a higher 
SSTA in September–October. This higher September SSTA triggered more frequent MHWs and prolonged pre-
existing MHWs, thereby extending the latest time of MHWs to as late as late September (Figure 3h). In contrast, 
the increase of SAT and SST in June–July was much smaller than in September–October, and might not be large 
enough to trigger earlier and more MHWs.

Furthermore, the strengthening of MHWs during 2000–2020 is clearly associated with a significant reduction of 
ice concentration (Figure 4b). The ice concentration was clearly higher in June–July than in August–September, 
and its decline was slower in June–July than in August–September (Tables S4 and S5 in Supporting Informa-
tion S1). These higher ice concentrations in June−July could partially cancel the atmospheric heating by melting 
ice, which would prevent the SST from increasing and thereby prohibit MHWs from being triggered earlier. 
Therefore, the earliest time of MHW remained in mid-to late July (Figure 3h).

To demonstrate the role of SAT in MHWs, examples of the coastal SATs at the GHCN-Daily stations Bely Island 
and Barrow AP (Figure S1 in Supporting Information S1) and surrounding SSTs within the 2.5° × 2.5° box in 
2020, 2016, and 2007 are examined when MHWs happened (Figure 1). These MHWs were clearly associated 
with atmospheric heating when SATs warmed 7–15 days earlier. In late September, SATs dropped dramatically 
and led to the end of the MHWs after approximately 20 days in mid-October.

4. Summary and Discussions
MHWs were described in the Arctic during 1982–2020 using three MHW criteria and three independently pro-
duced daily SST products. Our analyses indicated that the intensity, duration, frequency, and areal coverage of 
MHWs increased during 1982–2020, indicating stronger MHWs in recent decades due to the Earth's warming 
climate. These MHWs were triggered in mid-July to early August during the period from 1982 to 2020. In con-
trast, they endured until mid-August during 1982–2000, until early September during 2000–2010, and until late 
September during 2010–2020, indicating prolonged MHW seasons in the more recent decades. Our analyses 
suggested that the increasing trends of MHWs in the Arctic were likely forced by the warm surface air and the 
reduced ice facilitated by SST-ice feedback. Future studies can be focused on how the increasing trends of MHWs 
are associated with the oceanic currents as suggested in several related studies (Karcher et al., 2003; Rogachev & 
Shlyk, 2021; Wang et al., 2021).

We compared MHWs between the Arctic and the other ocean basins where most MHW studies were focused. Our 
comparisons indicated that the average intensity of the Arctic MHWs during 1982–2020, as quantified by maxi-
mum or mean SSTAs, was comparable with those MHWs in the other ocean basins (Figure S3 in Supporting In-
formation S1). The MHWs in the Arctic region are even stronger than the other ocean basins during the recent 
decades of 2000–2020 (Figure S3 in Supporting Information S1). The stronger MHWs in the Arctic during the 
recent decades resulted in the positive trends of all MHW metrics, which is consistent with a warming of Earth's 
climate as indicated in the MHW studies in the Pacific, Atlantic, and Indian Oceans (Beger et al., 2014; Hughes 
et al., 2018; Oliver, Donat, et al., 2018; Oliver, 2019).

Our study highlighted that (a) MHWs exist in the Arctic, while previous MHW studies mostly focused on the 
Pacific, Atlantic, and Indian Oceans (e.g., Holbrook et al., 2020); (b) the MHWs in the Arctic are as strong as 
or even stronger than those in the other ocean basins (e.g., Hobday et al., 2016); and (c) the MHW seasons in 
the Arctic have been extended by about 28 days in the past two decades, while seasonal features of MHWs were 
rarely discussed in literature. The existence of strong MHWs in the Arctic may suggest a great impact of MHWs 
on the Arctic bio-ecosystem due to its great vulnerability (Bluhm & Gradinger, 2008; Fossheim et al., 2015; 
Laidre et al., 2008; Terrado et al., 2013; Vancoppenolle et al., 2013; Walsh, 2008; Zhang et al., 2010). The great 
vulnerability is associated with the low seasonal variability of SSTs in the continental sectors of the Arctic. In the 
Atlantic sector, MHWs may lead to migration of marine animals toward cooler regions, which itself is a change 
of the marine ecosystem.

It should be noted, however, that our comparison of MHW intensity is solely based on SSTAs. An overall impact 
of MHWs to the marine ecosystem should be assessed by combined MHW metrics of their maximum and mean 
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SSTAs, as well as their duration, frequency, areal coverage, and vertical extension in depth due to variations in 
mixed-layer depth, etc.

Our study indicates that the increase of MHW metrics is associated with the reduction of ice concentration. A 
previous study (Zhang et al., 2020) showed that the MHW metrics remain similar when additional criterion of 
zero ice concentration is applied, suggesting that MHWs happen mostly in the open water. The ice-melting in the 
early months can help increase the SST in the later months.

Data Availability Statement
MHW code and data in binary and NetCDF formats derived from DOISST, CCI, and MGDSST are available at 
https://www.ncei.noaa.gov/pub/data/cmb/ersst/v5/2021.grl.mhw.
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