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Abstract
Marine heatwaves (MHWs), prolonged ocean temperature extremes, have been enhanced by global
warming in recent decades. More intense and longer MHWs have increasingly negative impacts on
marine organisms that threaten their resilience of marine ecosystems. In this study, we investigated
global marine phytoplankton biomass (chlorophyll) estimated by satellite ocean color and its
response to MHWs on global and regional scales. We find that MHWs typically decreases
chlorophyll concentrations in the tropics and mid-latitudes, with increases at high latitudes. The
magnitude of chlorophyll responses to MHWs is increased in response to higher intensity and
longer duration of MHWs. We find a change in the response from negative to positive chlorophyll
responses to MHWs across the 40◦–50◦ latitude bands in both hemispheres where the strongest
meridional gradient in nitrate concentration exists. In these response-changing regions, the
latitudinal contrast of the chlorophyll response is more distinctive in the warm season rather than
in the cold season because of the shallower climatological mixed layer. The present study highlights
the global phytoplankton responses to MHWs and their sensitivity to MHWs properties that imply
the importance of upper-ocean interactions between phytoplankton and the mixed-layer.

1. Introduction

The increase in anthropogenic greenhouse gas emis-
sions warms the global ocean sea surface temperature
(SST), which increases the chances of extremelywarm
water events (Oliver et al 2018). These extreme events
were referred to marine heatwaves (MHWs) (Pearce
et al 2011) and were recently defined as prolonged,
discrete anomalous warm-water events (Hobday et al
2016). MHWs are characterized in terms of their
intensity, duration, frequency, and MHW categor-
ies (Hobday et al 2016, 2018). Intensity, duration,
and frequency of MHWs have increased globally over
the last decades (Oliver et al 2018). Regional MHW
events have been reported: 2014/15, Northeast Pacific
(the ‘Blob’) (Bond et al 2015, di Lorenzo and Mantua
2016); 2019/20, the second Blob (Amaya et al 2020);
2015/16, Tasman Sea (Oliver et al 2017); 2013/14,
South Atlantic Ocean (Rodrigues et al 2019); and

the Yellow Sea (Li et al 2019, Lee et al 2020). These
MHWs were generated by combinations of regional
processes (e.g. ocean advection, turbulent mixing,
air–sea heatflux) (Vogt et al 2022), large-scale climate
modes (e.g. El Niño–Southern Oscillation, Pacific
Decadal Oscillation, Indian Ocean Dipole, etc), and
teleconnections (e.g. Rossby waves, Kelvin waves,
atmospheric blocking), which consist of various tem-
poral and spatial scales in climate variabilities (Hol-
brook et al 2019). Future projections simulated in cli-
mate models suggest that more frequent and intens-
iveMHWs are likely to occur, covering wider areas for
longer periods (Frölicher et al 2018, Oliver et al 2019),
suggesting that severe damage to marine ecosystems
will become more prevalent.

Recently, deleterious impacts of MHWs have
been reported in devastating marine ecosystems, for
example, coral bleaching (Hughes et al 2017), toxic
algal blooms (McCabe et al 2016, Roberts et al 2019),

© 2022 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1748-9326/ac70ec
https://crossmark.crossref.org/dialog/?doi=10.1088/1748-9326/ac70ec&domain=pdf&date_stamp=2022-6-7
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-4233-4490
https://orcid.org/0000-0002-0746-5332
https://orcid.org/0000-0003-2251-2579
mailto:hyunggyu@princeton.edu
mailto:jskug@postech.ac.kr
http://doi.org/10.1088/1748-9326/ac70ec


Environ. Res. Lett. 17 (2022) 064034 K M Noh et al

high mortality rates for seagrasses (Garrabou et al
2009, Arias-Ortiz et al 2017), seabirds (Jones et al
2018) and fish (Roberts et al 2019, Cheung and
Frölicher 2020), which are all regarded as threats to
biodiversity (Wernberg et al 2012, Smale et al 2019).
A larger area of the ocean might be expected to be in
places vulnerable to the marine ecosystem because of
the widespread permanent MHW states (Oliver et al
2019). In particular, large marine ecosystems, where
95% of the global fisheries have been caught, may
suffer from the higher intensity and annual days of
MHWs in response to future warming scenarios.

Previous studies have investigated the regional
impacts of MHWs in the form of case studies based
on in-situ observations. Recently, the influence of
MHWs on phytoplankton was investigated, focus-
ing on specific coastal regions (Hayashida et al
2020) and extreme MHWs case studies (Gupta Sen
et al 2020), suggesting that the abundance of back-
ground nitrate concentrations has affected global
phytoplankton responses to unprecedented MHW
events. Additionally, low chlorophyll extremes in
the global ocean and high chlorophyll extremes in
global lakes have been reported in response to high
temperature events (le Grix et al 2021, Woolway
et al 2021). Recently, the compound events of the
other biogeochemical extremes such as deoxygena-
tion and acidificationwithMHWs have become com-
mon in the future, which may intensify the detri-
mental impacts on marine organisms and ecosystems
(Gruber et al 2021).

To identify the general responses of phytoplank-
ton to MHWs and quantify the impacts of MHW
properties on phytoplankton, we investigated the
relationship between extreme SST and anomalous
chlorophyll, a proxy for phytoplankton biomass
obtained from a satellite-derived global ocean color
dataset for 22 years (1998–2019). Detailed descrip-
tions of the observational dataset are provided in
section 2. Themethods for definingMHWs and com-
posite analysis with different spatial and temporal
scales are described in section 3. The results of chloro-
phyll responses to MHWs are presented in section 4.
Finally, a summary and discussion of the implications
and future directions of MHW impacts on phyto-
plankton are provided in section 5.

2. Data

We used the National Oceanic and Atmospheric
Administration (NOAA) 1/4◦ Optimum Interpola-
tion daily SST version 2 (Reynolds et al 2007, Banzon
et al 2016) for the period 1982–2019 (NOAA Phys-
ical Sciences Laboratory, www.esrl.noaa.gov/psd).
High-resolution chlorophyll satellite observations
were obtained using eight-day averaged daily Ocean
Colour Climate Change Initiative data for 1998–2019
(https://esa-oceancolour-cci.org), generated by the

European Space Agency (ESA) Climate Change Ini-
tiative project, which incorporated a combination of
the ESA’s MERIS and the National Aeronautics and
Space Administration’s SeaWiFS, MODIS, and VIIRS
satellite data (Valente et al 2016). Although chloro-
phyll concentration is not an exact proxy for phyto-
plankton biomass due to the chlorophyll-to-carbon
biomass ratio, it has been used as a proxy for plankton
biomass (Behrenfeld et al 2005, Blondeau-Patissier
et al 2014). In this study, we used chlorophyll-a
concentration derived from high-resolution satellite
observations to represent the variability in phyto-
plankton biomass. To compare the chlorophyll obser-
vations with SST data, chlorophyll data were spa-
tially regridded to a 1/4◦ × 1/4◦ latitude/longitude
grid for 1998–2019. The background nitrate concen-
tration was obtained from the climatology of nitrate
concentrations in the World Ocean Atlas 18 (Garcia
et al 2018). The surface nitrate concentration was
provided at a 1◦ × 1◦ latitude/longitude Gaussian
grid, which covered the period from 1955 to 2012
based on limited in-situ profile data.

3. Method

SST and chlorophyll anomalies are calculated by
removing the mean daily mean seasonal cycles.
MHWs are defined from daily SST time series as dis-
crete and prolonged anomalous warm-water events
following a framework of Hobday et al (2016). In
addition, MHW properties are investigated includ-
ing duration, maximum intensity, frequency, and
MHW exposure days, from the defined MHWs. In
this study, ‘discrete’ means that the start and end
days could be identified quantitatively, whereas ‘pro-
longed’means that anMHWevent persisted formore
than five days, and ‘anomalously warm water’ was
defined from a seasonally varying baseline climato-
logy. A ‘heatwave’ event was defined as when the daily
ocean temperature was higher than the 90th percent-
ile (as a threshold) and persisted for at least five con-
secutive days. To separate the consecutiveMHWs and
ensure that the SST dropped sufficiently, the end of
the MHW was determined when the daily temper-
ature was below the 75th percentile. When the daily
SST dropped below the 90th percentile and then con-
tinuously decreased until the 75th percentile, the end
date of the MHW was defined as the first day below
the 75th percentile. If the daily SST recovered above
the 90th percentile without dropping to the 75th per-
centile, this was regarded as a continuation of the
previous MHW (figure S1 (available online at stacks.
iop.org/ERL/17/064034/mmedia)). The climatology
and threshold were calculated using daily SST within
an 11 days moving window and smoothed using a
31 days moving average for 1982–2012 (31 years).

Based on the above definition of an MHW event,
discreteMHWproperties were quantified as duration
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(the period between the start and end date of an
MHW), maximum intensity (the maximum SST
anomaly within the period of an MHW), and fre-
quency (the number of MHWs occurring in one
year). We then calculated the annually-averaged dur-
ation, maximum intensity, and frequency for each
year. To clarify the effect of MHW intensity, we clas-
sified twoMHW categories according to their intens-
ity: moderate (Category 1) and strong (Category 2).
The difference between the 90th percentile and cli-
matology was defined as a unit, and the MHW was
classified as Category 1 (moderate) when the tem-
perature was between the 90th percentile (one unit)
and two units. Likewise, Category 2 (strong) was
defined as a temperature of more than two units
(Hobday et al 2018).

After MHWs were globally identified by the
framework at each grid point, composite analysis was
performed by averaging the chlorophyll deseasonal-
ized anomalies on MHW dates through a total time
series over the last 22 years (1998–2019), following
the length of the chlorophyll dataset. Because the date
of MHW and the number of MHW exposure days
are different in each grid (figure S2), the chlorophyll
composite to MHW was calculated by averaging the
chlorophyll anomalies in different MHW dates for
each grid.

To bridge the gap between the time scales of daily
SST and eight-day daily chlorophyll concentration,
MHWs were selected according to the chlorophyll
time interval (eight-day daily), and the MHW dur-
ation was calculated in multiples of eight days, which
resulted in the discrete MHW duration rather than
continuous duration. For example, the MHW per-
sisted from 1 to 20 January, i.e. 20 days. The eight-day
daily chlorophyll data existed at two time points in
January (i.e. 8 and 16 January); therefore, the MHW
duration was calculated as 16 days. To compare the
impact of MHW intensity on chlorophyll, we con-
structed composites of chlorophyll anomalies for dif-
ferent MHW categories (Categories 1 and 2).

4. Results

We examine a composite pattern of chlorophyll
anomalies during MHW conditions as shown in
figure 1(a) (see method). In the tropical and sub-
tropical regions, negative chlorophyll responses are
mainly observed, indicating a significant decrease in
phytoplankton biomass in response to MHWs. In
particular, strong chlorophyll responses are captured
in several regions where themagnitude of chlorophyll
composite is greater than 0.03 mg m−3, including
in the Pacific Basin, the northern Indian Ocean, and
the Atlantic Ocean. In contrast, positive chlorophyll
responses are observed in the high-latitude oceans,
particularly in the northern and southern Atlantic
Oceans. Interestingly, the chlorophyll response to
MHWs is observed to change sharply from negative

to positive across the 40◦–50◦ latitude band in both
hemispheres, which is the similar pattern in simu-
lated global chlorophyll changes under the green-
house warming (Sarmiento et al 2004).

Since phytoplankton responds differently to
increased temperatures depending on the dominant
limiting factors, light availability and nutrient con-
centrations, for phytoplankton growth at different
latitudes (Doney 2006), the MHW-related chloro-
phyll response is determined by the impact of MHWs
on the limiting factors.On average,MHWs are associ-
ated with shoaling of themixed layer at both high and
low latitudes except for the eastern equatorial Pacific
Ocean where the El-Niño related warming causes a
lowering of the thermocline (figure S3), whereas the
chlorophyll composite exhibits different chlorophyll
responses to MHWs at a high and mid/low latitudes
(figure 1(a)). Although the coastal regions are par-
tially influenced by the coastal upwellings (figure S4),
the different chlorophyll responses can be explained
by latitudinal differences in oceanic environments,
that is, the mixed layer and nutrient concentration.

In high-latitude oceans, the mixed layer is gen-
erally deep where nutrients are abundant, and the
penetration depth of solar radiation (i.e. euphotic
layer) is shallower than the mixed-layer depth (MLD)
(Doney 2006). Meanwhile, in low-latitude oceans
where mixed layers are shallower, nutrients tend
to be depleted, and the euphotic layer is deeper
than the MLD. In summary, light is the dominant
limiting factor in high-latitude oceans, and nutri-
ents are the dominant limiting factors in low- and
mid-latitude oceans.

In the nutrient-deficient tropics and mid-
latitudes,MHW-inducedmixed layer shoaling (figure
S3) can reduce nutrient entrainment from the deep
ocean, which leads to less favorable conditions for
the growth of phytoplankton. In contrast, in the
nutrient-abundant high-latitude regions, stratific-
ation by MHWs increases the residence time in the
euphotic layer for phytoplankton, which allows more
exposure of light to phytoplankton and consequently
facilitates photosynthesis (Doney 2006). Therefore,
the MHW-induced weakening of vertical mixing
(figure S3) leads to an increase in chlorophyll con-
centration in high-latitude oceans, where vertical
mixing in the upper ocean is strong and nutrients
are abundant (Gupta Sen et al 2020, Hayashida et al
2020). Furthermore, different latitude-dependent
oceanic environments, MLD, and nutrient concen-
trations, are affected by enhanced stratification, res-
ulting in the different latitude-dependent chlorophyll
responses to MHWs.

The ratio of chlorophyll responses between strong
MHWs andmoderateMHWs is shown in figure 1(b).
Figure 1(b) suggests that the intensity of chloro-
phyll responses to MHWs became stronger under
stronger MHWs in both hemispheres. In particular,
in six selected regions (shown in figure 1(a)) where
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Figure 1. The impacts of MHWs on phytoplankton biomass. (a) MHW chlorophyll composites on a 1/4◦ grid system
(1440× 720) for the period 1998–2019, displayed only within significant regions at a 95% confidence level (calculated using a
Student’s t-test). The MHW events were calculated on each grid so that the selected date of MHWs on each grid differed. The red
dashed lines represent 8 mmol m−3 iso-nitrate concentration lines. (b) The ratio of chlorophyll composites to strong MHWs
(Category 2) and moderate MHWs (Category 1). Six regions, where chlorophyll response to MHWs is strong, are included;
(c) the area-averaged MHW intensity and (d) chlorophyll composite to MHWs for each MHW category in selected significant
regions—CP: Central Pacific Ocean (5◦ S–5◦ N, 160◦ E–160◦ W); IO (0◦–25◦ N, 40◦–70◦ E); EP: East Pacific Ocean (5◦–20◦ N,
77◦–100◦ W); NEP (30◦–42◦ N, 110◦–140◦ W); NAO: North Atlantic Ocean (50◦–65◦ N, 25◦–45◦ W); SAO: South Atlantic
Ocean (40◦–55◦ S, 0◦–60◦ W).

the chlorophyll responses to MHWs are significant
and strong in both anomaly value and normalized
value by standard deviations (figure S5(b)), the mean
MHW intensity for different MHW categories and
the associated chlorophyll responses are shown in
figures 1(c) and (d) for the six selected regions. All
selected regions show stronger chlorophyll responses
under strong MHW intensity (Category 2) than
under moderate MHW intensity (Category 1), indic-
ating that chlorophyll decreases more in the tropical
and mid-latitude regions (CP, IO, EP, and NEP) and
increasesmore in the high-latitude regions (NAO and
SAO) under stronger MHW intensity.

MHW duration also affects the intensity of
chlorophyll responses to MHWs. We conduct the
same chlorophyll composite during MHW condi-
tions for different MHWs durations, as shown in
figures 2(a) and (b). Overall, the comparison of
MHW duration impacts on chlorophyll, between
the short and long durations of MHWs, repres-
ents similar spatial patterns of chlorophyll responses
to MHWs: negative anomalies in the tropics and
mid-latitudes regions, and positive anomalies in
high-latitudes, as shown in figure 1(a). However, the
significant areas in the chlorophyll composite are

about two times larger in response to long duration
cases compared to short duration cases. These chloro-
phyll responses to longer duration MHWs are more
distinctive, and the patterns to have negative to posit-
ive transitions are more clear in both hemispheres.

The regional influence of increased duration of
MHWs on chlorophyll responses in six selected
regions is shown in figures 2(c)–(h), which repres-
ents the negative relationship between theMHWdur-
ations and the mean chlorophyll anomalies during
the MHW period in the tropical and mid-latitude
regions (figures 2(c), (d), (f), (g)) and the positive
relationship in high-latitude oceans (figures 2(e) and
(h)). The MHW impacts on chlorophyll anomalies
exhibit weak responses for 20–40 days of MHWs with
high variabilities. These MHW impacts are intensi-
fied to approximately 1 standard deviation of chloro-
phyll when the phytoplankton is exposed to MHWs
for longer than 200 days. The impact of the MHWs
on the mixed layer is weaker in response to the short
duration cases than the long duration cases that the
relationship between MHWs and chlorophyll is not
robust in the short duration cases. As a result, a
high-variability in chlorophyll responses exists, and
the chlorophyll composite is less clear in response to
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Figure 2. The duration of MHWs controls the intensity of phytoplankton responses. (a), (b) MHW chlorophyll composite on
short and long duration. The short and long duration is defined with a mean (µdur) and standard deviation (σdur) of duration.
Two cases are defined with MHW cases: short duration (MHWdur < µdur − 0.5 × σdur) and long duration (MHWdur > µdur+
0.5 × σdur). Both chlorophyll composite is used only within significant regions at a 95% confidence level (calculated using a
Student’s t-test). (c)–(h) Scatter plots between maximum chlorophyll anomalies during MHWs, normalized by the standard
deviation of chlorophyll and duration at every grid in each selected region where chlorophyll responses to MHWs are significant
and strong. The black solid line was calculated by averaging all scatter values with a 50 days moving window.

short persisted MHWs than long persisted MHWs.
Based on the relationship between the chlorophyll
responses to MHWs and MHWs properties, we sug-
gest that MHW intensity and duration are essential
factors in determining the intensity of chlorophyll
responses to MHWs.

The most distinctive features of the chlorophyll
composite to the MHW (figure 1) are sharp latit-
udinal changes in both hemispheres, at approxim-
ately 50◦ N and 40◦ S. The sign of the chlorophyll
response to MHWs sharply reverses from a negative
at mid-latitudes to positive at high latitudes within
these narrow latitudinal bands in both hemispheres.
The latitudinal change in the chlorophyll response
to MHWs is closely related to the latitudinal con-
trast of the climatological nitrate concentrations. In
the regions where the sign of the MHW-chlorophyll
response changes, the climatological mean nitrate
gradients are two to six times higher than the global
average ranging from 0.007 to 0.02 mmol l−1 km−1.

The zonal average of the nitrate concentration agrees
with that of the composite in chlorophyll anom-
alies as a response to MHWs in both hemispheres
(figures 3(a)–(d)). This result have reassured the
importance of background nitrate for MHWs related
chlorophyll extremes reported in Hayashida et al
(2020). The climatological nutrients are critical for
chlorophyll responses to MHWs because nitrate is
usually insufficient in the tropical and mid-latitude
regions due to phytoplankton uptake and poor nutri-
ent supplies from the deep ocean, but abundant in the
equatorial eastern Pacific and high-latitude oceans
where the micronutrient iron is limited (Moore et al
2013, Arteaga et al 2014, Bristow et al 2017).

To quantify these relationships, we focus on four
regions that exhibit rapid meridional transitions in
the MHW-chlorophyll response: the North Atlantic
Ocean (45◦–65◦ N, 45◦–25◦ W), South Atlantic
Ocean (40◦–55◦ S, 0◦–60◦ W), the Agulhas Cur-
rent region (36◦–52◦ S, 25◦–45◦ E), and Bering Sea
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Figure 3. Comparison between nitrate climatology and chlorophyll responses to MHWs. The zonally-averaged climatological
mean of nitrate concentration and MHW chlorophyll composites for each region (a)–(d), where the signs of chlorophyll
responses to MHWs changed dramatically: (a) NAO (45◦–65◦ N, 25◦–55◦ W); (b) SAO (40◦–55◦ S, 0◦–60◦ W); (c) Agulhas
Current (36◦–52◦ S, 25◦–45◦ E); (d) Bering Sea (40◦–55◦ N, 163◦ E–175◦ W). (e) Scatter diagram of the normalized
chlorophyll composite during MHWs and climatological mean nitrate levels at each grid in four selected regions with different
markers: circle (NAO), triangle (SAO), square (Agulhas Current), and diamond (Bering Sea). The blue and red dots represent the
negative and positive chlorophyll composites, respectively, whereas the gray dots refer to nonsignificant grid points. Scatter plots
of individual regions are provided in the supporting information (figure S7).

Figure 4. Seasonality of chlorophyll responses to MHWs in the sign of responses changing zone. Seasonality of mean
(a) chlorophyll responses to MHW, (b) NO3 climatology, and (c) MLD climatology averaged on high and mid latitude based on
the latitude where the signs of zonally averaged chlorophyll responses were changed. The regions where the latitude ranges from
the sign-changing latitude to the end latitude (closer to the north and south pole) for four regions are defined as high latitude and
mid latitude vise-versa.

(40◦–55◦ N, 163◦ E–175◦ W), and locations of these
regions are shown in figure S6. Scatter plots between
nitrate concentration climatologies and normalized
chlorophyll responses to MHWs at each grid are
shown in figure 3(e), where the chlorophyll responses
to MHWs changes are distinctive. Positive chloro-
phyll responses appear in a high nitrate environment,
whereas negative chlorophyll responses exist mostly
in a low nitrate environment. The sign of the chloro-
phyll responses to MHWs is changed from negative
to positive at approximately 8mmolm−3 nitrate con-
centration. Based on this scatter analysis, the sign of
the MHW chlorophyll composite is well divided by
the iso-nitrate lines in figure 1(a). This relationship

shows how the abundance of climatological nitrate
concentrations determines the different chlorophyll
responses to MHWs.

The seasonality of chlorophyll responses to
MHWs in the four regions are investigated to fur-
ther support the importance of interactions between
the mixed layer and chlorophyll responses to MHWs.
The chlorophyll responses to MHWs show a large
seasonal contrast that the stronger positive and neg-
ative responses exhibit in the summer and fall than
those in the other seasons (figure 4(a)). For the four
selected regions, the nitrate concentration in the cold
seasons (winter and spring) is relatively less than that
in the warm seasons (summer and fall) (figure 4(b)),
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which is generally supplied by the entrainment from
the deep water. The mixed layer is deeper in the
cold seasons that the nitrate concentration is rel-
atively abundant compared to nitrate in the warm
seasons (figure 4(c)) due to weak thermal convec-
tion and wind-driven turbulence, which results in
increased light limitations in cold seasons. In the cold
seasons, the effects of the MHW-induced stratific-
ation, which leads to reduce the nutrient entrain-
ment and enhanced light availability, are weak in
the 40◦–60◦ latitudinal band due to strong light
limitations. Therefore, the chlorophyll responses to
MHWs are weaker in the cold seasons. In contrast, the
effects of the mixed-layer shoaling are greater in the
warm seasons due to relatively shallower mixed layer
that the latitudinal contrast of chlorophyll responses
becomes more distinctive (figure 4(a)).

5. Summary and discussion

In this study, we investigate the general pattern
of global MHWs related chlorophyll responses
using high-resolution satellite-derived global ocean
color datasets. MHWs alter contrasting chlorophyll
responses to MHWs depending on latitude possibly
due to diverse limiting environments. The latitud-
inal contrast in chlorophyll response to MHWs is
observed in a 40◦–50◦ latitudinal zonal bands in
both hemispheres except in the northeast Atlantic
Ocean where the latitudinal contrast is observed in
the 50◦–60◦ latitudinal band. We find that the dra-
matic changes in the chlorophyll response to MHWs
are associated with the location of the strongest meri-
dional gradients in the mean state of nitrate con-
centrations, suggesting that the background levels
of nitrate concentrations are a dominant environ-
mental factor in determining the direction of global
chlorophyll response to MHWs. The seasonal con-
trasts in the chlorophyll responses to MHWs support
the impacts of MHW-induced mixed-layer shoaling
on phytoplankton.

We have reassured that the chlorophyll responses
to MHWs and the relationship between responses
and nitrate concentrations, consistent results with
recent studies (Gupta Sen et al 2020, Hayashida
et al 2020). Using the model output and satellite
observations, previous studies showed chlorophyll
anomaly responses for specific regions and in some
extreme MHW cases: 23 coastal regions (Hayashida
et al 2020); 50 extreme MHW events (Gupta Sen
et al 2020), respectively. Their results for specific
regions and global pattern analysis as we shown in the
present study lead us to identify the general refine-
ment signal of every MHW case in globally that
is closely related to the latitudinal distribution of
nitrate concentration and its role in driving chloro-
phyll extremes. Additionally, showing the spatial sim-
ilarity between nitrate and chlorophyll responses and

the seasonal contrast between warm and cold sea-
sons, we exhibit the distinctive latitudinal contrast
of chlorophyll responses and suggest the criteria of
nitrate climatology where the sign of chlorophyll
responses are changed. Therefore, we can conclude
that the relationship between nitrate concentration
and MHW-induced chlorophyll response is rein-
forced by the interaction between the mixed-layer
and phytoplankton.

Phytoplankton communities have different
growth rates and various nutrients are differently
limited to them that responses of plankton functional
types (PFTs) to global warming are diverse depend-
ing on their compositions (Laufkotter et al 2013). It
has been reported that the phytoplankton community
composition has changed from larger species to smal-
ler pico- and nano-planktons due to strong MHWs
in the northeastern Pacific Ocean (Cavole et al 2016,
Yang et al 2018). Specifically, it was predicted that
plankton would be much more diverse in the Arctic
and Southern Oceans (Ibarbalz et al 2019). Further
studies are required on phytoplankton responses to
MHWs considering the different impacts of each PFT
in high-latitude regions.

Global ocean stratification has intensified in
recent decades (Li et al 2020), projected to reduce
surface nitrate concentrations in CMIP5 and CMIP6
simulations (Bopp et al 2013, Kwiatkowski et al 2020).
The background nitrate concentration closely con-
tributes to weak phytoplankton blooming in the trop-
ics and mid-latitudes through interactions between
MHW and phytoplankton (Gupta Sen et al 2020,
Hayashida et al 2020). MHWs have been projec-
ted to be intensified and occur frequently so that
the ecosystem will be more vulnerable to MHWs
(Oliver et al 2019), implying more severe impacts
on marine organisms as MHWs alter other mar-
ine ecosystem components, such as coral, seagrass,
seabird, and fish colonies, and can further lead to
regime shifts in the marine ecosystem (Wernberg
et al 2012, 2016). Nitrate depletion and intensified
MHWs with extended periods may influence the
poleward shift of the latitudinal band where the sign
of chlorophyll responses to MHW changes or even
reverts the positive chlorophyll responses to negat-
ive in the high-latitude regions when extreme nitrate
depletion occurs in the future climate. Detection and
attribution studies in current and future climates
are needed to investigate how human activity influ-
ences MHW impacts phytoplankton dynamics under
the expected more extreme events of future ocean
environments (Frölicher et al 2018). With poten-
tial capabilities of MHWs prediction itself (Jacox
et al 2022), the prediction of chlorophyll extreme
responses to MHWs needs to be developed for
providing the early warning forecasts in fisheries and
establishing strategies in the global marine ecosystem
managements.
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