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Abstract Marine heatwaves (MHWs) have devastating effects on ecosystems. Yet a global assessment of
the regional impacts of MHW:s on the sea-air CO, exchange is missing. Here, we analyze 30 global observation-
based sea-air CO, flux data sets from 1990 to 2019. Globally, the oceanic CO, uptake is reduced by 8% (3%—
19% across data sets) during MHWSs. Regionally, the equatorial Pacific experiences a 31% (3%—49%) reduction
in CO, release and MHWs often coincide with extreme sea-air CO, flux anomalies in this region. The oceanic
CO, uptake decreases during MHWs by 29% (19%—37%) and 14% (5%—21%) in the low-to-mid latitude
Northern and Southern Hemisphere, respectively. Reduced dissolved inorganic carbon in the tropics weakens
outgassing, while high ocean temperatures diminish uptake in the low-to-mid latitudes. In the subpolar North
Pacific and Southern Ocean, enhanced carbon uptake occurs during MHWs, but uncertainties in pCO, data sets
limit a comprehensive assessment in these regions.

Plain Language Summary Periods of unusually warm sea surface temperatures (marine heatwaves)
have recently been shown to impact the exchange of carbon dioxide (CO,) between the surface ocean and
overlying atmosphere. We find that, on global average, marine heatwaves reduce the oceanic uptake of CO,
from the atmosphere by 8%. Depending on the region, the local exchange of CO, between the ocean and the
atmosphere during marine heatwaves can be altered by more than 30%. In tropical regions, the ocean's usual
release of CO, to the atmosphere is reduced during marine heatwaves due to lower dissolved inorganic carbon in
the surface ocean. In low-to-mid latitude regions, the ocean's uptake of CO, from the atmosphere is reduced
during marine heatwaves due to the effect of warmer temperatures. A clear consensus on the impact of marine
heatwaves in the subpolar North Pacific and Southern Ocean does not emerge due to data limitations. While
heatwaves in the ocean often coincide with extreme sea-air CO, anomalies in the central equatorial Pacific,
marine heatwaves are not the main drivers of large temporal variations in monthly sea-air CO, exchange outside
this region.

1. Introduction

Human-induced carbon dioxide (CO,) emissions are the primary driver of climate change (IPCC, 2021), with the
ocean playing a crucial role in mitigating global warming by taking up about a quarter of these emissions
(Friedlingstein et al., 2023). An accurate quantification and understanding of the variability of sea-air CO, fluxes
is essential for predicting future climate trends (Joos et al., 1999) and assessing the ocean ecosystem response
(Gattuso et al., 2015).

In recent decades, prolonged periods of anomalously warm sea surface temperatures, known as marine heatwaves
(MHWs; Hobday et al., 2016; Pearce & Feng, 2013), have occurred across all ocean basins (Frolicher & Lauf-
kotter, 2018; Oliver et al., 2021), posing substantial risks to marine species, ecosystems and ecosystem services
(Cheung et al., 2021; Cheung & Frolicher, 2020; Collins et al., 2019; Hughes et al., 2017; Smale et al., 2019).
With global ocean warming, MHWSs are becoming more frequent, intense, and prolonged (Frolicher et al., 2018;
Oliver et al., 2018). Individual MHWs are generated by a combination of local oceanic and atmospheric processes
including air-sea heat exchange, horizontal and vertical temperature advection, and vertical mixing (Bian
et al., 2023; Vogt et al., 2022), and are often associated with large-scale climate phenomena such as the El Nifio
Southern Oscillation (Holbrook et al., 2019; Oliver et al., 2021).

Recent research has highlighted the significance of MHWs in influencing regional oceanic pCO, and sea-air CO,
fluxes (Arias-Ortiz et al., 2018; Duke et al., 2023; Edwing et al., 2024; Mignot et al., 2022). As one of the first
studies, Mignot et al. (2022) identified reduced oceanic CO, release in the equatorial Pacific and decreased
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oceanic CO, uptake around 40°N in the mid-latitude North Pacific during intense and long-lasting MHWs.
However, their focus on intense and long-lasting MHWSs excludes numerous events and restricts the analysis to
specific regions. Duke et al. (2023) examined the North Pacific subpolar gyre, revealing substantial anomalous
oceanic CO, uptake during recent MHWs due to limited wintertime entrainment and therefore lower oceanic
pCO,. Additionally, Arias-Ortiz et al. (2018) suggested significant carbon release from seagrass carbon stocks to
the atmosphere following the Western Australia 2011 MHW. Despite these insights, a comprehensive global
assessment of MHWSs impacts on sea-air CO, fluxes and their driving mechanisms is lacking. Moreover, un-
derstanding if MHWs are the main drivers of extreme sea-air CO, anomalies remains limited.

In this study, we explore the impacts of MHW events on sea-air CO, exchange at the global scale building on the
framework established by Mignot et al. (2022). Using an ensemble of observation-based pCO, and wind products
spanning from 1990 to 2019, we initially assess the global and regional impacts of MHW events on sea-air CO,
fluxes. Subsequently, we identify the underlying mechanisms driving flux anomalies during MHWs. Finally, we
contextualize these anomalies within the broader spectrum of natural CO, flux variability to assess their relative
importance in total regional CO, flux variability. We extend the scope of the Mignot et al. (2022) study by
considering all MHWs instead of a specific subset of persistent MHWSs, and use a more comprehensive set of data
products for sea-air CO,-flux.

2. Methods
2.1. Observation-Based Data

To identify MHWs, we use the global observation-based daily-mean sea surface temperature (SST) data from the
National Oceanic and Atmospheric Administration (NOAA; Daily Optimum Interpolation SST OISST dataset
v2.1, Huang et al., 2021). This comprehensive data set combines in situ ship and buoy SST observations with
satellite-derived measurements from the Advanced Very High-Resolution Radiometer. Through interpolation,
data gaps are filled to create a spatially and temporally complete representation of SST. To ensure consistency
with the monthly-mean 1° CO, flux and oceanic pCO, data, the daily mean SST data is regridded from 0.25° X
0.25°to 1° x 1° and averaged from daily to monthly-mean values, spanning the period 1982 to 2021. This means
that shorter-lived small-scale MHW:s and their impacts on sea-air CO, fluxes are excluded in our analysis. The use
of 1° monthly SST data is further by a relatively slow decorrelation time scale of SST anomalies (Hassel-
mann, 1976). Calculating MHWs using the 1990-2019 instead of the 1982-2019 period does not affect our results
(Figure S1 in Supporting Information S1). In addition, the mean sea-air CO, flux anomaly during MHW s is
largely unaffected by the choice of the SST product. Repeating the analysis with the satellite SST product from the
European Space Agency Climate Change Initiative (Merchant et al., 2019), regridded to 1° spatial resolution,
shows a similar sea-air CO, flux anomaly during MHWs (Figure S2 in Supporting Information S1). Globally, the
average anomaly during MHWs differs by only 4%, which is much smaller than the spread in estimates from the
CO, flux products (Figure 1b).

For the assessment of CO, flux anomalies during MHW s, we rely on CO, flux estimates derived from the SeaFlux
version 2021.04 ensemble data product (Fay et al., 2021). This data set integrates six global observation-based
pCO, products (Chau et al., 2022; Denvil-Sommer et al., 2019; Gregor et al., 2019; lida et al., 2020; Land-
schiitzer et al., 2014, 2020; Rodenbeck et al., 2013; Zeng et al., 2014), all based on the Surface Ocean Carbon
Dioxide Atlas (SOCAT) pCO, data set (Bakker et al., 2016), alongside five global wind reanalyzes (Atlas
etal., 2011; Hersbach et al., 2020; Kalnay et al., 1996; Kanamitsu et al., 2002; Kobayashi et al., 2015) (Tables S1
and S2 in Supporting Information S1). Combined, we obtain 30 distinct sea-air CO, flux data sets at monthly
intervals, covering the period 1990 to 2019 on a 1° X 1° grid. We only analyze CO, flux data in regions where data
from all six observation-based pCO, products are available. For example, some observational-based pCO,
products do not contain data in the northern high latitudes or marginal seas. These regions were omitted in our
analysis.

To analyze the drivers of CO, flux anomalies during MHWs, we use the LIARv?2 alkalinity regression algorithm
(Carter et al., 2018). This algorithm utilizes salinity data from the Hadley Center (EN4.2.2; Good et al., 2013) in
conjunction with SST data to compute total alkalinity on a 1° X 1° grid. Dissolved Inorganic Carbon (DIC) is then
calculated with CO2SYS (Humphreys et al., 2022) using the estimated total alkalinity, pCO, from the six
different SeaFlux data products, temperature, salinity, and monthly mean climatologies of phosphate and silicate
from the World Atlas 2018 (WOA18; Boyer et al., 2018; Garcia et al., 2019).
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a) Sea-air CO, flux anomalies during MHWs (molC m2 yr™)
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Figure 1. (a) Observation-based sea-air CO, flux anomalies during MHWs averaged over the 1990-2019 period and across
all observation-based products. Data is only shown for regions where all six observation-based pCO, products have data. The
gray dashed lines indicate the regions shown in panel (b) and hatching indicate regions, where the anomalies are not statistically
different (5% level using a two-sample #-test). (b) Climatological mean sea-air CO, flux, mean sea-air CO, flux during MHWs
and mean sea-air CO, flux anomalies during MHWs for the years 1990-2019. The bars represent the averages across all
observation-based products. The orange points represent the individual 30 observation-based data products. The purple points
show the six observation-based pCO, products using the average wind product. The red vertical lines indicate the 95%
confidence intervals for the mean difference during MHWSs obtained from the 30 data products.

2.2. MHW Definition and Sea-Air CO, Flux Anomalies

A MHW is identified when the local linearly detrended monthly-mean SST surpasses the local seasonally-varying
90th percentile of SST. The seasonally varying 90th percentile is calculated for each calendar month separately
and is based on linearly detrended monthly-mean SST data spanning from 1982 to 2021. The threshold is set to
capture extreme temperature anomalies while ensuring a sufficiently large sample size of MHW months for
robust statistical analyses. In contrast to the prevailing approach in MHW studies (Hobday et al., 2016; Le Grix
et al., 2021), we define MHWSs here on monthly anomalies rather than daily anomalies to be consistent with
temporal resolution of the CO, flux products. We detrended the data to avoid clustering of MHWs toward the end
of the time series, due to warming trend in most ocean regions from 1982 to 2019. As oceanic CO, uptake
increased between 1990 and 2019, clustering would have caused negative anomalies in sea-air CO, flux during
MHWs, obscuring changes in flux for individual MHWs.

We calculate the monthly mean sea-air CO, flux anomalies during MHW:s by initially linearly detrending the sea-
air CO, flux over the period 1990 to 2019. Subsequently, the anomalies during MHW3s are derived as deviations
from the climatological seasonal cycle of monthly-mean CO, fluxes during MHWs.

We divide the global ocean into eight study regions (Figure 1a, and Table S3 in Supporting Information S1) given
the diverse characteristics of sea-air CO, flux, such as strong or weak oceanic CO, sink or source regions. To
assess whether the product-ensemble-mean sea-air CO, flux during MHWs significantly differs from the mean
CO, flux (Figure 1), we conduct a standard two-sample ¢-test globally, for each study region, and locally using the
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5% significance level (Wilks, 2019). To determine the percentile of the mean CO, flux during MHWs (Figure 4),
we first calculated the local empirical cumulative distribution of all monthly flux anomalies for each grid cell,
including both MHW and non-MHW months. The percentile of the CO, flux anomaly was identified by locating
where the mean flux anomaly during MHW:s falls within the local empirical camulative distribution. This analysis
was performed individually for all 30 data products before calculating the average across the data products. We
use a one-sample r-test with 5% significance level to test whether the product ensemble-mean percentile
significantly differs from the 50th percentile, corresponding to no effect of MHWs on sea-air CO, flux.

2.3. Decomposition of Sea-Air CO, Flux Anomalies Into Drivers

To determine the driving mechanisms behind the sea-air CO, flux anomalies during MHWSs, we conduct a first-
order Taylor series decomposition of the sea-air flux components (Doney et al., 2009; Lovenduski et al., 2007;
Mignotetal., 2022; Takahashi et al., 1993). This analysis allows us to quantify the contribution of the solubility, gas
transfer velocity, oceanic pCO,, and atmospheric pCO, to the overall sea-air CO, flux anomaly during MHWs.

SeaFlux computes the net sea-air CO, flux (F,,_,,) via the adapted bulk formula established by
‘Wanninkhof (1992):

Fsea—air = Ry - sol - (pCOZ,O - pCOZ,‘d)’ (1)

where k,, is the gas transfer velocity (in units m s™!), sol is the solubility of CO, in seawater (mol m~> gatm™'),
pCO,,, is the partial pressure of surface ocean CO, (uatm) and pCO, , represents the partial pressure of atmo-
spheric CO, in the marine boundary layer (zatm). Note that the bulk formula is adapted to omit sea ice regions as
not all data products encompass these regions.

The first order Taylor series decomposition of the sea-air CO, flux anomalies during MHW:s (referred to hereafter
as AF;,,_giy) is as follows:

0F ey ai OFepai 0Feyai

AF . seaair A 4 Zseasair lseaair - 5
sea-air dkw ky dsol 0pC02 . pCO,,

— S

k, contribution sol contribution pCO,,, contribution

@)
oF, sea-air

+ <A
opCO,, PO
—_—

pCO,, contribution

The right hand side of Equation 2 represents the contributions of the gas transfer velocity, solubility, and oceanic
and atmospheric partial pressure of CO,. The delta values represent the mean anomalies of the variables during
MHWs and the partial derivatives are calculated with the temporal mean values.

The oceanic pCO, anomalies are further decomposed as:
0pCO,, opCO,, dpCO,,, opCO,,
APCOx, ~ —ipic " Aoic FGRTR  Amk T T as

pCO?IOC contribution pCO’?kK contribution pCOzT o contribution pCO§ o contribution

- Ar + - Ag 3)

where oceanic pCO, , is a function of sea surface DIC, alkalinity (ALK), temperature (T), and salinity (S). The
’mocsy 2.0 Fortran 95 routine (Orr & Epitalon, 2015) is used to calculate the partial derivatives, evaluated at
temporal mean values for S, T, DIC, ALK, phosphate, and silicate.

3. Results
3.1. Global and Regional Response of Sea-Air CO, Fluxes During MHWs

Globally, the oceanic uptake of CO, is reduced by an average of 0.04 mol C m~2 yr~! during MHW:s (confidence
interval: 0.02-0.05 mol C m~2 yr~!), with values ranging from —0.01 (anomalous uptake) to 0.11 mol C m=2 yr~!
(anomalous release) depending on the data set used (Figure 1b). This corresponds to an 8% (range: 3%—19%)
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reduction in oceanic uptake of CO, averaged over all MHWs over the time period from 1990 to 2019. In 48% of
the ocean surface area covered by the CO, flux products, the CO, flux - whether into or out of the ocean in the
climatological mean - is weakened during MHWs (Figure S3 in Supporting Information S1). In 8% of the area, the
flux is enhanced, while in 44% of the area, the changes are statistically insignificant.

Regionally, the CO, uptake is reduced during MHWSs by an average of 0.10 (range: —0.01 to 0.24; confidence
interval of mean: 0.07 to 0.13) mol C m~2 yr™! in the subpolar North Atlantic, 0.17 (range: 0.11-0.22; confidence
interval: 0.16 to 0.18) mol C m~2 yr~! in the low-to-mid latitude Northern Hemisphere and 0.12 (range: 0.04 to
0.18; confidence interval: 0.11 to 0.14) mol C m~2 yr~! in the low-to-mid latitude Southern Hemisphere. This
corresponds to reductions of 5% (range: 0%—12%) in the subpolar North Atlantic, 29% (range: 19%—37%) in the
low-to-mid latitude Northern Hemisphere, and 14% (range: 5%-21%) in the low-to-mid latitude Southern
Hemisphere. In the equatorial Pacific, CO, outgassing decreases by an average of 0.30 (range: —0.03 to 0.48;
confidence interval: 0.25 to 0.35) mol C m~2 yr~!, which corresponds to a 31% (range: —3 to 49%) reduction. In
contrast, the subpolar North Pacific shows an increase of CO, uptake by 0.14 (range: —0.12 to 0.30; confidence
interval: 0.09 to 0.19) mol C m~2 yr~!, corresponding to a 12% (range: —10% to 25%) increase during MHWs.
Similarly, in the Southern Ocean, the CO, uptake is 0.09 (range: —0.05 to 0.22; confidence interval: 0.06 to 0.12)
mol C m~2 yr~! or 15% (=9 to 36%) stronger during MHWs.

The spread in the sea-air CO, flux anomalies during MHWs across all observation-based products is considerable
(Figure 1b). The primary contributors to this spread are the pCO, data sets, as indicated by the contrast between
the purple and orange dot ranges in Figure 1b. Minimal variation is observed between CO, flux anomalies
calculated with the average pCO, product and different wind products (not shown), further underscoring the role
of pCO, reconstructions as the primary source of uncertainty. As a result, significant regionally averaged CO,
flux anomalies during MHWs are only detectable in four of the eight study regions (5% level using a two-sample
t-test): the equatorial Pacific, the low-to-mid latitudes in both hemispheres, and the Southern Ocean. While
statistical significant changes are observed in the Southern Ocean, a comprehensive assessment is hindered by the
absence of the pCO, data, particularly during austral winter (Gray et al., 2018; Landschiitzer et al., 2016). Locally,
significant changes are also observed in parts of the Subpolar North Pacific and North Atlantic (Figure 1a).
However, such significant changes are largely absent in the tropical Indian and Atlantic Ocean.

3.2. Drivers of Sea-Air CO, Flux Changes During MHWs

To quantify the drivers of sea-air CO, flux changes during MHWSs, we apply the Taylor decomposition to all
sea-air flux components (gas transfer velocity, solubility, oceanic and atmospheric pCO,; Equation 2). Oceanic
pCO,,, changes emerge as the primary driver of sea-air CO, flux anomalies during MHWs in most regions
(Figure 2; Figure S4 in Supporting Information S1). Notably, regions such as the subpolar North Pacific
(Figure 2b), the equatorial Pacific (Figure 2f) and the Southern Ocean (Figure 2i) experience anomalously
lower oceanic pCO,, (i.e., a negative pCO,, contribution), leading to decreased sea-air CO, fluxes during
MHWs. Conversely, the low-to-mid latitudes in both hemisphere (Figures 2d and 2h) experience higher oceanic
pCO,, (i.e., a positive pCO,, contribution) and therefore higher sea-air CO, fluxes during MHWSs. In the
northern Indian Ocean and parts of the North Atlantic and Southern Ocean, weaker gas transfer velocities
during MHW s (i.e., weaker winds) are the primary driver of sea-air CO, flux anomalies.

The secondary driver of sea-air CO, flux anomalies varies across regions. In the equatorial Pacific (Figure 2f),
anomalous CO, uptake is also substantially driven by weaker gas transfer velocities during MHWs. In the
subpolar North Pacific (Figure 2b), reduced solubility and weaker gas transfer velocities somewhat offset the
stronger uptake. In the subpolar North Atlantic (Figure 2¢), the anomalous outgassing is caused by a combination
of weaker gas transfer velocities and lower solubility, which reduce the region's ability to uptake CO, and
outweigh the decrease in pCO, , observed during MHWs. In the equatorial Indian (Figure 2e) and Atlantic Ocean
(Figure 2g), the very small CO, flux anomalies during MHWs are a result of small and counterbalancing con-
tributions of changes in oceanic pCO, , and the gas transfer velocities. The atmospheric pCO, , changes play a
negligible role in all regions, except in parts of the Southern Ocean and the tropical ocean.

By breaking down the oceanic pCO, , anomalies during MHWSs (Equation 3), we can attribute the flux response to
a balance between thermal (temperature) and non-thermal DIC effects on oceanic pCO, , (Figure 3), along with
changes in alkalinity and salinity. In all ocean regions, the thermal effect - resulting from elevated sea surface
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Figure 2. Local dominant and regional drivers of sea-air CO, flux anomalies during MHWs over the 1990-2019 period across all observation-based products. The
dominant driver in each grid cell is shown in panel (a). The blue bars in panels (b—i) represent the average contribution of each flux term to the sea-air CO, flux
anomalies during MHW:s with gray error bars representing the min-max spread across the 30 observation-based data products. The gray bar is the sum of all the contribution
terms. For comparison, the horizontal black line is the averaged observation-based product sea-air CO, flux anomalies during MHWs, and the black error lines represent
the min-max spread across the 30 observation-based data products. A positive contribution indicates anomalous outgassing, while a negative contribution suggests
anomalous uptake. The results are shown for regions where all six observation-based CO, flux products have data.

temperatures during MHW:s - positively contributes to oceanic pCO, , anomalies. This is due to the decrease in
CO, solubility in seawater and due to an increase in CO, concentration from a shift in chemical equilibrium
between carbonate species with rising temperatures, both leading to anomalously higher oceanic pCO, 4.
Simultaneously, lower DIC concentrations during MHWS result in anomalously lower oceanic pCO,, in all
ocean regions. The dominance of either the temperature or DIC effect varies by region (Figure 3; Figure S5 in
Supporting Information S1). In the equatorial Pacific (Figure 3f) and high latitude regions like the subpolar North
Pacific (Figure 3b), subpolar North Atlantic (Figure 3c), and Southern Ocean (Figure 3i), the decrease in oceanic
pCO,,, anomalies driven by DIC outweighs the increase caused by thermal effects. This DIC-driven effect is
particularly notable in the equatorial Pacific, where it counteracts both thermal and alkalinity-driven pCO,,
increases during MHWs, resulting in lower than usual pCO, , (=8.43 (—12.40 to 0.25) patm) and reduced out-
gassing fluxes. In contrast, in low-to-mid latitude regions (Figures 3d—3h), the thermal-driven increase in oceanic
pCO,, typically dominates the flux response during MHWs. In regions where the thermal effect compensates the
DIC effect, such as in the Indian Ocean or tropical Atlantic, the sea-air CO, flux anomalies are often not sta-
tistically significant (Figure 1a). Changes in alkalinity play a moderate role in the equatorial Pacific (Figure 3f)
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Figure 3. Local dominant and regional drivers of oceanic pCO, , anomalies during MHWs over the 1990-2019 period across all observation-based products. The
dominant driver in each grid cell is shown in panel (a). The blue bars in panels (b—i) represent the average contribution of each pCO, , term to the total pCO, , anomalies
during MHWs with gray error bars representing the min-max spread across the 30 observation-based data products. The gray bar is the sum of all the contribution terms. For
comparison, the horizontal black line is the averaged observation-based product oceanic pCO, , anomalies during MHWs, and the black error lines represent the min-max
spread across the 30 observation-based data products. A positive total contribution indicates an increase in oceanic pCO, ,. The results are shown for regions where all six
observation-based pCO, , products have data.

and equatorial Atlantic (Figure 3g). However, in all other regions, both alkalinity and salinity changes play a
negligible role. Using the OceanSODA-ETHZ alkalinity data from Gregor and Gruber (2021) instead of the
alkalinity data based on LIARV2 yields similar results (Figure S6 in Supporting Information S1).

It is important to note that a potential limitation of the Taylor decomposition is the assumption of linearity as we
know that the functions governing sea-air CO, flux are non-linear. To check whether this limitation has an impact
on our attribution of the drivers we compare the sum of the Taylor decomposition terms with the calculated flux
and driver anomalies. In particular for the sea-air CO, flux changes (gray bar vs. horizontal black lines in
Figures 2 and 3), there are slight discrepancies: the Taylor decomposition tends to overestimate the flux
anomalies in the subpolar North Atlantic (Figure 2b), equatorial Pacific (Figure 2f) and low-to-mid latitudes
(Figures 2d-2h), while underestimating anomalies in the subpolar North Pacific (Figure 2b). Thus, this limitation
may alter our quantitative assessment of the drivers, but we maintain confidence in the robustness of the qual-
itative findings of the drivers.
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a) Marine heatwave-induced sea-air CO, flux anomaly percentile
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Figure 4. (a) Global pattern of the percentile associated with the mean sea-air CO, flux anomalies averaged over all MHW months, compared to the local empirical
distribution of monthly detrended sea-air CO, flux anomalies from 1990 to 2019. Hatching indicates regions, where the mean percentiles are not significantly different
from the 50th percentile (i.e., representing no effect of MHWs on air-sea CO, flux; 5% level using a one-sample -test). (b—d) For three specific illustrative regions
(highlighted in panel a as black contours), the time series of the mean monthly detrended sea-air CO, flux anomalies across all data products, detrended sea surface
temperature anomalies (blue lines) and identified MHW events (red shading) are shown. The black shading in b-d shows the min-max range across all 30 sea-air CO, flux

data products.

3.3. Importance of MHW-Induced CO, Flux Anomalies Within Its Natural Variability

Next, we examine the importance of CO, flux anomalies induced by MHWs in the broader context of natural
variations in sea-air CO, exchange. Our aim is to determine whether strong CO, flux anomalies primarily
coincide with MHWs or if MHW:s play a relatively minor role in explaining the variations in sea-air CO, fluxes.

Across much of the global ocean, the mean sea-air CO, flux anomalies during MHWs remain within the 90% or
10% percentile of typical background flux variations (Figure 4a). This suggests that MHW s do not often coincide
with extreme anomalies in sea-air CO, fluxes. However, the central equatorial Pacific stands out with a pro-
nounced CO, flux response during MHWSs, where mean CO, flux anomalies drop below the tenth percentile of
the flux distribution (Figures 4a and 4d). In this region, MHW:s often coincide with low sea-air CO, flux events as
shown with a high likelihood multiplication factor (Le Grix et al., 2021; Zscheischler & Seneviratne, 2017) in
Figure S7 in Supporting Information S1. The periods of extreme anomalous CO, uptake in the central equatorial
Pacific often coincide with El Niflo events in these regions (Holbrook et al., 2019; Le Grix et al., 2021; Oliver
et al., 2019). For example, the strongest El Nifio events in 2015/2016 and of 1997/98 align with the most extreme
anomalous oceanic CO, uptake observed in the past 30 years in this region.

We further explore the temporal evolution of CO, flux anomalies in the eastern Indian Ocean and eastern North
Pacific, where individual MHWs have strongly impacted marine ecosystems (and sea-air CO, fluxes) in the past
two decades. In the eastern North Pacific (Figure 4b), strong outgassing events also often coincide with MHWs,
especially earlier in the period, though the variability between data products remains high. In the eastern Indian
Ocean (Figure 4c), particularly off the northwest coast of Australia, MHWs triggered extreme anomalous CO,
outgassing in 2010/11 and 2015/16.

4. Discussion and Conclusions

We show that the global oceanic uptake of CO, is reduced during MHWSs by about 8%. Regionally, MHWs
diminsh the sea-air CO, fluxes by up to 30%, such as in the equatorial Pacific and the low-to-mid latitude region
of the Northern Hemisphere. We find the flux responses to be mainly driven by changes in the partial pressure of
CO, in the ocean, which are a net result of two competing mechanisms during MHWs: a thermal effect and a non-
thermal DIC effect. In regions where decreases in oceanic pCO, , reduce CO, outgassing (e.g., equatorial Pacific)
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or increase CO, uptake (subpolar North Pacific and Southern Ocean), the primary driver is a reduction in DIC. In
contrast, in regions (e.g., mid-latitudes) where increases in oceanic pCO, , diminish the oceanic CO, uptake,
temperature rises are the main driving factor for changes in oceanic pCO, .

Our results align with Mignot et al. (2022) in the equatorial Pacific, where DIC outweighs the temperature effect
on oceanic pCO,,, resulting in a comparable reduction in outgassing (31% reduction in our study vs. 40%
decrease in Mignot et al. (2022)). The agreement is not surprising given that the analysis here is based on similar
(though more) pCO, , products as used in Mignot et al. (2022). Additionally, the additional constraint of focusing
on 'persistent” MHWs in Mignot et al. (2022) is not needed in this region, since long-lasting El Nifio driven MHW
are prevalent there (Holbrook et al., 2019).

Our results suggest that the findings of Mignot et al. (2022) regarding anomalous outgassing in the mid-latitude
North Pacific during MHWs, attributed to thermal effect dominating over the DIC effect, can be extrapolated to
low-to-mid latitude CO, uptake regions in both hemispheres. However, whether alterations to the horizontal
advection are the main drivers of the DIC decrease in the low-to-mid latitude regions, as shown for the North
Pacific by Mignot et al. (2022), remains an open question.

In the high latitudes, MHWs induce different sea-air CO, flux responses, with regions such as the Southern Ocean
and subpolar North Pacific experiencing enhanced carbon uptake, while others like the subpolar North Atlantic
show attenuated uptake. Nevertheless, the findings of this study suggest that in high latitudes, the pCO, , response
during MHW:  is primarily driven by the non-thermal DIC effect. Furthermore, this DIC-driven pCO, , response
controls the flux response in the Southern Ocean and the subpolar North Pacific, consistent with Duke
et al. (2023).

The general compensating nature of the thermal and non-thermal DIC effects on pCO, ,, as already discussed in
Mignot et al. (2022), was also identified in Burger et al. (2022), where the response in hydrogen ion concentration
([H+]) and pCO, , during MHWs was analyzed. The response of pCO, , during MHWs also resembles seasonal
variations in pCO, ,. In low-to-mid latitudes, the thermally driven increase in oceanic pCO, , during summertime
is slightly counteracted by the decrease in oceanic pCO, , due to increased stratification which brings less DIC to
the surface, but ultimately the thermal effect prevails. In contrast in high latitudes, the seasonal variations in
pCO,, are controlled by DIC, with decreases in DIC during summer reducing pCO, , despite thermally driven
increases in pCO,, (Fay & McKinley, 2017; Takahashi et al., 2002).

Our study shows that MHWs in certain ocean regions, such as in Western Australia (e.g., in 2011; Arias-Ortiz
et al. (2018)) or the central tropical Pacific can coincide with extreme CO, flux anomalies. However, such
extreme CO, flux anomalies during MHW:s are more exceptional than common in the global. This is in contrast to
the often extreme impact of land heat waves on terrestrial carbon fluxes, driven by factors such as soil moisture
deficits, heat stress, and increased fire activity (Frank et al., 2015; Reichstein et al., 2013). For example, the
summer 2003 heatwave and drought event in Europe reduced gross primary production by about 30% (Ciais
et al., 2005), and the global heatwave in 2023 possibly reduced global land CO, uptake by 78% (0.44 + 0.21 GtC
yr~! in 2023, compared to an average of 2.04 GtC yr~! in the period 2010-2022; (Ke et al., 2024)). These
anomalies are substantially larger than the normal variability.

Furthermore, we show that observation-based products generally agree with each other regarding the direction of
sea-air CO, flux anomalies during MHWs in the low-to-mid latitudes and the equatorial Pacific. However,
discrepancies arise in higher latitudes, notably the subpolar North Pacific and Southern Ocean, possibly due to
limited observational data in these regions. The lack of comprehensive data underscores the need for improved
observation-based data sets and sustained data collection (Dong et al., 2024). Such data, preferably in higher
spatial and temporal resolution than used in our current study, will enable us to enhance our understanding of how
sea-air CO, fluxes respond to climate extremes, particularly in crucial carbon sink areas. Moreover, future
research should investigate the seasonal influence on the sea-air CO, flux response to MHWs, as the dominant
effect on oceanic pCO, , (thermal vs. non-thermal) may vary by season (Burger & Frolicher, 2023). In addition,
the sea-air CO, flux response to MHWs under future climate conditions should be explored, as changes in
stratification, ocean carbon content, biological production and wind patterns may impact this response.
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