N

HAL

open science

Global ocean carbon uptake enhanced by rainfall

Laetitia Parc, Hugo Bellenger, Laurent Bopp, Xavier Perrot, David T. Ho

» To cite this version:

Laetitia Parc, Hugo Bellenger, Laurent Bopp, Xavier Perrot, David T. Ho. Global ocean carbon
uptake enhanced by rainfall. Nature Geoscience, 2024, 17, pp.851-857. 10.1038/s41561-024-01517-y .

insu-04729830

HAL Id: insu-04729830
https://insu.hal.science/insu-04729830v1
Submitted on 10 Oct 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://insu.hal.science/insu-04729830v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

nature geoscience

Article

https://doi.org/10.1038/s41561-024-01517-y

Global ocean carbon uptake enhanced

by rainfall

Laetitia Parc®'
David T. Ho® 2?

Received: 11 January 2024

Accepted: 23 July 2024

, Hugo Bellenger®'

, Laurent Bopp®', Xavier Perrot®' &

Published online: 29 August 2024

% Check for updates

Rain alters local sea surface physical and biogeochemical properties but
its spatiotemporal variability has led to its overlook in global ocean carbon

uptake studies. Different physical and chemical processes in the gaseous
and liquid phases control the transfer of carbon dioxide (CO,) between the
atmosphere and ocean. Rainimpacts the interfacial flux by (1) increasing
turbulencein the ocean and (2) modulating the air-sea CO, concentration
gradient. Concurrently, raindrops inject CO, absorbed during their
fallinto the ocean through wet deposition. Here this study presents a
comprehensive estimate of these effects on the global ocean carbon uptake
over 2008-2018 based on observational products (satellite and in situ) and
reanalysis. Using various representations of the ocean surface response

to rainfall and different rain products, we show that rainincreases the
ocean carbon sink by +0.14-0.19 PgC yr over 2008-2018, representing an
increase of 5-7% of the ocean carbon uptake (2.66 PgC yr™). Rain-induced
interfacial flux and wet deposition have comparable orders of magnitude.
The former mainly increases the CO, sink in the tropics because strong rain
rates and weak winds induce noticeable salinity and CO, dilution. The latter
isimportantin the tropics, storm track regions and the Southern Ocean.

Carbon dioxide (CO,) emissions from human activities—principally
through fossil fuel burning, cement manufacturing and land-use
changes—have caused an increase in global temperature and subse-
quent changes in the climate system. A fraction of the CO, emissions
isabsorbed by the ocean, mitigating the increase in atmospheric CO,
andalleviating some of the impacts of climate change. According to the
2022 assessment of the Global Carbon Budget (GCB)', the ocean uptake
hasremainedrelatively constant from 1960 to 2022, accounting for an
average of 25% of total anthropogenic emissions. This estimate consoli-
dates results from two different methodologies. The first approachis
based onan ensemble of global ocean biogeochemical models forced
by atmospheric reanalyses, while the second approach involves an
ensemble of data-based products derived from the Surface Ocean
CO, Atlas®. However, the GCB has also underscored substantial uncer-
tainties between estimates from models and data-based products.
Forinstance, recent research®* suggests that all estimates of the ocean

carbonsink may be underestimated by about 5-15% due to the oversight
of temperature corrections in the ocean’s diffusive skin. Furthermore,
other processes, including bubbles and sea sprays generated by wave
breaking, exert considerableinfluence ongas exchanges at the air-sea
interface, especially on gas transfer velocities at high wind speeds® ™.
This emphasizes the critical need for further exploring the role of
small-scale processes on CO, exchanges at the ocean interface.
Rainfall over the ocean complicates the conventional way of esti-
mating air-sea CO, fluxes, typically involving the calculation of a gas
transfer velocity as a function of wind speed and determining the dif-
ferencein CO, partial pressure (pCO,) across the sea-air interface using
either global ocean biogeochemical models or in situ measurements
usually taken few metres below the ocean surface. First, several labo-
ratory studies have shown that rain can enhance gas exchange in both
fresh and salt water environments'>", The penetration of raindropsin
the first few centimetres below the ocean surface induces near-surface
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Fig.1|Rainimpacts on CO, flux and sensitivity to dilution model.

a, Aschematicillustration of the different effects of rain on the CO, fluxes at
the air-seainterface. b, The probability distribution function (PDF) of the
rain-induced salinity dilution based on the prognostic scheme® AS; (shaded)
and the satellite-derived parameterization® AS, (striped). ¢, A time series of
the annual mean global ocean CO, sink differences (TgC yr™) due to the rain-
induced turbulence effect AF,, (red), the wet deposition effect Fyp (green), the

W nterfacial effect AF,
(turbulence and dilution)

Total rain effect AF,
(interfacial and wet deposition)

rain-induced dilution effect AF[?ISL1 (purple), theinterfacial rain effect AFIﬁST1 (blue)
and the total rain effect AFTAS} (orange) (shadings are the intra-annual s.d. of

the corresponding differences). d, A time series of the monthly mean seasonal
cycle of global CO, sink differences (in TgC yr™, colours are asin c and shading
represents the interannual s.d. for each month). e, The mean 2008-2018
differences in global carbon sink due to AFy,;, AFntand AFror for both dilution

parameterizations (in TgC yr, colours are as in cand patterns are asinb).

turbulence"”, potentially increasing the gas transfer velocity. Fur-

thermore, rain events alter the chemical and physical properties of
the ocean surface layer'®* and can even result in the formation of
freshwater lenses that can persist for hours after rainfall ceases?***. By
adding fresher and usually colder water just beneath the oceansurface,
rainsystematically diminishes sea surface pCO, through the dilution of
dissolved inorganic carbon (DIC) and total alkalinity (TAlk)*"*. These
changesin pCO,, mainly occurring within the first metre of the ocean,

are not detected in measurements typically acquired at 5-7 m depth
using the seawater intakes of research vessels. This discrepancy could
lead to substantial biases in regions with substantial rainfall. Lastly,
raindrops directly inject CO,absorbed duringtheir fallinto the ocean
surface layer®. Indeed, the pCO, in the raindrops is thought to be at
equilibriumwiththe pCO, inthe atmosphere when reaching the ocean
surface”, resulting in direct (or wet) deposition that adds to the con-
ventional air-sea CO, flux.
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So far, only two studies®**® have provided global estimates of
the effects of rain on global CO, uptake. However, these studies only
accounted for rain-induced turbulence and wet deposition, neglect-
ing the substantialimpact of rain-induced dilution. Conversely, while
an evaluation of all these rain-induced effects on the carbon uptake
has been conducted, it was limited to the year 2002 at a specific
equatorial Pacific mooring location®, highlighting the relative impor-
tance of rain-induced dilution.

Thus, this study aims to quantify the diverse effects of rainon the
global ocean carbon uptake over the period 2008-2018. We compute
the CO, flux using observational products (satellite and in situ) and
reanalysis taking into account the thermohaline stratification within
the first metres below the air-sea interface (Methods and Extended
Data Figs. 1and 2). These effects, schematized in Fig. 1a, are (1) the
rain-induced turbulence, (2) the dilution and cooling of the ocean
surface layer that impacts the CO, fugacity differences across the
air-seainterface and (3) the direct wet deposition of CO, dissolved in
raindrops (Fyp). We diagnose the change in CO, flux due to the
rain-induced turbulence alone as AFy, and the change due to the rain
dilution alone as AFp; . The combination of both effects is called
the interfacial rain effect and is noted AFy. The magnitude of the
dilution effect depends strongly on how surface salinity responds to
rain (Methods, Fig. 1b and Extended Data Fig. 3). Therefore, two para-
meterizations of the dilution in the ocean near surface are used: a
prognostic model*’, AS;, and asatellite-derived empirical parameteri-
zation™, AS,. Finally, we evaluate the sensitivity of these estimates to
rain characteristics using two products characterized by different rain
rate distributions.

Rainimpact onthe global ocean carbon sink

When considering all rain effects on air-sea CO, flux (AFygr)—namely
rain-induced turbulence, ocean surface dilution and wet deposition—
rain leads to a total average increase in the global (90° N-90° S)
ocean carbon uptake F,s 0f 140-180 TgC yr™* (teragrams of carbon
per year), thus representing 5.3-6.9% of F..; (Table 1and Fig. 1e). This
rangeisattributed to the uncertainty associated to the surface dilution
effect evaluated through two distinct parameterizations (Fig. 1b,e).
It shows an increasing trend of ~-16-19 TgC yr per decade (Fig. 1c
and Extended Data Fig. 4a) as well as seasonal amplitude of around
19 TgC yr™ (Fig. 1d and Extended Data Fig. 4b). This total rain effect is
further decomposed as the sum of two components: the interfacial
rain effect AF;yt and wet deposition Fyp.

Wet deposition emerges as the largest effect on the global ocean
CO,sink, with anaverage increase 0f 97.0 TgC yr™ (3.6% of F,.; Table1).
This effect scales linearly with global rain rate. There is also a decadal
positive trend of 6.0 TgC yr ' per decade (Fig. 1c) and a weak seasonal
variation (Fig. 1d). Finally, the spatial variability of the wet deposition
effect Fyp reflects the mean spatial distribution of rainfall (Fig. 2c),
with local maximum reaching +1gC m2yr™ in the Inter-tropical
Convergence Zone (ITCZ).

The total interfacial rain effect AFyy, combining the effects of
rain-induced turbulence and dilution, is substantially stronger than
theimpact of each contributing factor (discussed below). This remains
consistentregardless of the representation of rain-induced freshening
chosen for the analysis. Using the physically based parameterization®
to compute AF[ﬁST‘, the increase of the global CO, sink is estimated to
be 44.8 TgC yr (1.7% of F,.s; Table 1and Fig. 1e). Using the satellite-
derived parameterization®, AF,QSTZ leadstoanincrease of 85.9 TgCyr™*
(3.2% of F; Table 1 and Fig. 1e). Our analysis reveals interannual
trends of ~-10 TgC yr™ per decade for AFlﬁST1 (Fig.1c) and ~13 TgC yr!
per decade for AF[ﬁST2 (Extended Data Fig. 4a). Seasonal fluctuations
(Fig. 1d and Extended Data Fig. 4b) of ~20 TgC yr* seem attributed
solely to the seasonal variations in the rain-induced turbulence

AS

effect. Both interfacial rain effects, AF; and AF,ﬁSTZ, are found to

have a maximum impact on the global carbon uptake in the ITCZ

Table 1| CO, fluxes calculation results for both domains of
study (90°N-90°S and 60°N-60°S)

Spatial domain 90°N-90°S 60°N-60°S 60°N-60°S
Reference ocean +2.66 (+0.21) +2.49 (+0.20) +2.49 (+0.20)
carbon sink

Rain products ERA5 ERA5 IMERG
Rain-induced +7107° +6.107° +0.01
turbulence effect AF, (0.25%,22.107°) (0.25%, +£2107%)  (0.4%, +2.107)
Rain-induced dilution +0.03 +0.03 +0.025

effect AF2S (1.2%, 710  (1.2%,+6107%)  (1.0%, +6.10%)

DIL

+0.07
(2.6%, +1.107%)

+0.065
(2.6%, +1107®)

+0.06
(2.5%, +1107®)

Rain-induced dilution

effect AF o>

Interfacial rain effect +0.04 +0.04 +0.05

N:lf; (17%,+3107%)  (1.7%, 3107 (2.0%, +2107%)
Interfacial rain effect +0.09 +0.08 +0.10
A,:lﬁst (3.2%, +4107%)  (3.3%, +410°%)  (3.9%, +3.107)
Wet deposition effect +0.10 +0.09 +0.09
Fwp (3.6%,+2107°)  (3.7%,+2107)  (3.8%,+2.107%)
. AS;  +014 +0.13 +0.14
Total rain effect AF_ !
TOT  (53%,+510°)  (5.4%,+5107°)  (57%,+4107)
AS,  +018 +0.17 +0.19

Total rain effect AFyop (6.9%,+6107°%)  (7.0%,+6107°)  (7.7%, +5107°)
This table contains the mean values of the 2008-2018 annual global sink (in petagrams of
carbon per year, PgCyr™) for the reference case F,, with the corresponding year-to-year s.d.
provided in parentheses. Additionally, the mean values of 2008-2018 annual global carbon
sink differences (PgC yr™) due to the different rain effects are also provided for both dilution
parameterizations and global rain products, the corresponding relative difference to

the reference carbon sink F ¢ and year-to-year s.d. given in parentheses. All fluxes are
calculated using ERA5 reanalysis™, a global sea surface salinity dataset from multivariate
observations®?, the National Oceanic and Atmospheric Administration (NOAA) Greenhouse
Gas Marine Boundary Layer Reference for the atmospheric CO, data®® and the OceanSODA-
ETHZ climatology dataset for the DIC and TAlk fields. The different rain effects are
calculated using either ERAS reanalysis rain data® or Integrated Multi-satellitE Retrievals

for GPM (IMERG) satellite-based rain estimates®’.

overthewarm pool (Fig.2a,b). Inthisregion, the fluxincrease reaches
+0.5gCm72yr*for AFlﬁfT1 and+1gCm~2yr'for AF@2 onaverage from
2008 to 2018. The latter estimate derived from the satellite-based
parameterization® also indicates a noticeable enhancement of CO,
absorptionat higher latitudes, suchasin the stormtrack regions of the
Gulf Stream and Kuroshio and in the Southern Ocean (Fig. 2b).

The individual effect of rain-induced turbulence alone, AF,,
causes an average increase of the global ocean carbon sink of
6.6 TgC yr (0.25% of F,; Table 1). Its annual contribution to the
ocean CO, fluxes appears relatively modest (Fig. 1c), stemming from
compensating seasonal variations with increased CO, outgassing
in March and April and increased sink during the rest of the year
(Fig. 1d). The effect of rain-induced turbulence peaks in the tropics,
in particular in the equatorial regions of the Pacific and Atlantic
oceans (Fig. 2d). In these regions of relatively weak winds (below
5ms™), rain tends to increase the total transfer velocity k(600),
by up to 10-15% (Fig. 2d).

Rain-induced dilution affects CO, concentrations, defined as the
product of CO, solubility and fugacity, across the air-sea interface, but
itsamplitudeis uncertain (Methods). Using the satellite-derived empi-
rical relationship® leads to a CO,uptake increase of 68.5 TgC yr? (2.6%
of Fr¢), whereas the prognostic scheme® leads to a more moderate
increase of 31.7 TgC yr' representing 1.2% of F,¢; (Table 1and Fig. 1e).
Notably, this rain-induced dilution effect exhibits no discernible
interannual or seasonal variations, regardless of the chosen parame-
terization (Fig. 1c,d and Extended Data Fig. 4). Rain induces dilution
and cooling in the diffusive microlayer, consequently altering both
the temperature T;,, and salinity S;,, at the interface. Given that the
concentration at the interface C;, decreases with both increasing
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Fig. 2| Spatial distribution of distinct rain effects. a-c, Mean maps of the
interfacial rain effects using the physically based parameterization®® AFIQST1
(gCm™2yr?) (a), using the satellite-derived parameterization® AFIQST2 (gCm72yr?)
(b) and the wet deposition effect Fyp (gC m2yr™) (c) over the period 2008-2018.
d, Mean map of the ratio of the rain contribution to the transfer velocity k (600),

with the total transfer velocity k (600), (%). The black contours represent the

f Rain-induced C

~=

x107°
Concentration differences (mol m™)

annual mean wind speed (m s™) from ERAS for u;o =5 m s™ (dashed line),

u;0=7 ms™ (thinline) and u;o = 9 ms™ (thick line). e,f, Maps of mean rain-induced
CO, concentration differences (mol m™) at the interface (e) and the bottom of the
diffusive microlayer (f) using the prognostic model*° AS; over the 11 year study.
Only the air-sea CO, flux and concentration differences that are statistically
significant at the 99% level estimated by the Student’s t-test are plotted.

temperature and salinity, dilution leads to its increase and, thus, the
increase of CO, sink. This is the case in the tropical regions, the ITCZ
and the South Pacific Convergence Zone (Fig. 2e). These changes
in Cj, primarily result from rain-induced decreases in S;;,; (Extended
Data Fig. 5a-c), leading to an increase of the CO, sink in the tropics
(Fig. 2a). Furthermore, rain impacts the temperature, salinity, DIC
and TAlk below the ocean skin, which in turn alter the water-side CO,
concentration in the subskin layer, Cy psiin- Rain causes a decrease in
Csubskin and thus an increase in CO, sink, which is dominated by the
decreaseinsalinity, DIC and TAlk at the bottom of the diffusive micro-
layer*** (Extended Data Fig. 5d-f). This effect is also spatially limited
to the tropical regions (Fig. 2f).

Sensitivity torainrates

Wet deposition, as parameterized®, scales linearly with the rain rate
and, therefore, only depends on the total amount of rain. The rain
impactontheinterfacial CO,fluxis, however, nonlinear. Specifically, the
subskin dilution relationship with rain rate demonstrates anonlinear
dependency**"*, To assess the rain-induced nonlinear increase in the

global ocean CO, sink, two global rain datasets, ERA5 and IMERG, with
comparable overall rain amounts but distinct rain rate distributions,
were considered. Indeed, over the 2008-2018 period and 60° N-60°SS,
their respective total quantity of rain is: 1.24 x 10° kg m 2 yr™ for ERAS
and 1.27 x10° kg m2 yr™ for IMERG, but with noticeably different rain
rate distributions (Fig. 3a,b). Large rain rates of more than 10 mm h™
contribute considerably to the total rainfall (around 15%) for IMERG,
but to less than 2% for ERAS (Fig. 3b).

The higher rainrates from IMERG lead to anincrease in the inter-
facial CO, flux (Table 1 and Fig. 3c) for both parameterizations repre-
senting ocean surface dilution. Thus, for 2008-2018 and 60° N-
60°S, AF&? increasesfromanaverage of 82.5 TgC yr't096.9 TgC yr™!
with IMERG (+17.5%), while AF,\>! increases from 42.8 TgC yr' to
48.7 TgC yr! (+14%). Wet deposition remains constant (+2% for Fyp
using IMERG compared with ERAS) as both datasets have compa-
rable total rainamounts. Therefore, employing a dataset with stronger
and more realisticrainrates resultsinanincrease in the total rain effect
on the CO, sink by 0.14-0.19 PgC yr™, representing 5.7-7.7% of the
60° N-60° S oceanssink. Finally, the trend showing atemporalincrease
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in rain-induced interfacial flux as seen with ERAS (Figs. 1c and 3c) is
not evident when using IMERG (Fig. 3¢). Unlike ERAS, IMERG does
not show any clear trend in the global rain amount over 2008-2018.
The upper limit of our diagnostics is given by AFTAS% using
IMERG, which is +0.19 PgC yr™ on 60° S-60° N. It represents 7.1% of
the global (90° S-90° N) reference flux F,¢s of 2.66 PgC yr™. Using
ERAS, the total rain effect poleward of 60° represents only 5% of the
total effect over the whole globe (90° S-90° N). As ERAS cannot
be validated against IMERG poleward of 60°, the most conservative
hypothesis is to consider that this 7.1% increase represents an
upper limit for the global (90° S-90° N) effect of rain on the CO, sink.

Relevance of rain effects for future carbon
budgets

This study provides the first comprehensive estimate of the rainimpact
onthe global ocean CO, sink. For the period 2008-2018, raininduces
anincrease in the global ocean carbon sink of 5-7%, representing an
additional absorption of 0.14-0.19 PgC yr ' onaverage, dependingon
the dilution parameterization and on the quality of the dataset’s rain
rate distribution. The main regions affected by rain are, as expected
from previous studies, the tropical regions, especially the ITCZ and
South Pacific Convergence Zone, characterized by strong rainfall
and weak winds. However, rain also impacts carbon uptake in higher

latitude regions characterized by stronger winds, such as the storm
track regions and the Southern Ocean.

Rainfall over the ocean acts like a river with no defined length
that directly flows to the ocean. Much like rivers, rain inputs CO, into
the ocean through two primary mechanisms: (1) rain injects a certain
amount of CO, thatit has collected duringits fall (the wet deposition)
and (2) because this amount of CO, corresponds to weak concentra-
tions, rain also dilutes the near-surface ocean waters, increasing the
air-seatransfer of CO, (the interfacial flux).

Wet deposition appears to have the most prominent impact of
rainon the global ocean CO, sink. However, as in situ measurements of
the concentration of CO, in raindrops are particularly challenging, its
parameterization has predominantly arisen from theoretical calcula-
tions?. Our estimate of 97.0 TgC yr™ for the global wet deposition is
consistentwith the 90.0 TgC yr'found inaprevious single-year study*
for2001and 40% larger than the 61.4 TgC yr ' found in the most recent
global study” for the 1999-2006 period.

Finally, previous global estimates®*?® have only considered the
enhancement of near-surface turbulence by rain AFy, astheinterfacial
raineffect AFy7, without considering the associated effect of dilution.
This study shows that this leads to a noticeable underestimation of
AF\r- Indeed, while AF, alone increases the global carbon sink by a
few TgC yr (refs. 26,28), taking into account dilution amplifies these
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figures by factors of 10-20. As the satellite-derived parameterization
of dilution® has been developed based on a large sample of IMERG
rain events and collocated salinity anomalies from Soil Moisture and
Ocean Salinity (SMOS) and Soil Moisture Active and Passive (SMAP)
satellite measurements, its diagnostic of dilution and, thus, rain
effect appear more statistically robust than estimates based on the
physically based parameterization. However, in situ measurements
inamid-latitude region have shown that linear relationships between
salinity anomalies, rain and wind speeds could lead to overestimation
of dilution?, especially in the case of advection, limiting the accuracy
of the upper bound of this diagnostic.

Hence, it isimperative to incorporate rain effects into ocean and
climate models, particularly in the context of global carbon budgets.
As shown in a recent study*, the magnitude of the ocean skin effect
on the global ocean carbon uptake is dampened in a coupled model
framework, as the resulting accumulation of CO, in the surface ocean
reduces the flux at the atmosphere-ocean interface. Similarly, the
impact of rain is anticipated to diminish when evaluated in the same
framework. However, this decline should notimpede wet deposition,
whichrelies solely on the mole fraction of atmospheric CO,. Further-
more, as climate projections indicate a potential intensification of
rainfall rates inawarming climate®**, this could lead to anincrease in
therainimpact onthe global ocean CO, flux. Nevertheless, anaccurate
quantification of rain effects using climate models faces challenges
due to their coarse horizontal resolution, limiting their capacity to
replicate realistic rain rate distributions.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41561-024-01517-y.
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Methods

The CO, air-sea flux calculation

The air-sea CO, flux is classically diagnosed as proportional to
the air-sea CO, concentration difference that can be expressed as
the product of the aqueous-phase solubility coefficients of CO, (K;)
and CO, fugacity (fCO,) as follows (positive into the ocean)*:

Se(M)
600

Feo, =k600)(255e) ) T (T, fCO3(T.S) - Ky(T. . fCOYT.9)

Where k(S,) is the gas transfer velocity for a given Schmidt number
S.. The Schmidt number is the kinematic viscosity of water divided
by the diffusion coefficient of a given gas, here CO,, in water and
is determined as a function of temperature and, to a lesser extent,
salinity*>*’, For CO, and in the case of freshwater, the Schmidt
number is S. = 600 at T = 20°C. Generally, the gas transfer velocity
is parameterized as afunction of wind speed only****** and, following
open ocean dual tracer experiments®, it can be defined by:

k (600) = k,(600) = 0.266u% @

where k,(600) is the wind-induced gas transfer velocity. The CO,
aqueous-phase solubility coefficients in the ocean (k}) and at the
interface (k3) represent the amount of gaseous CO, that dissolvesina
given volume of seawater as functions of temperature and salinity*®.
Additionally, fCO} and fcOjare the fugacity of CO,inthe oceanandin
the atmosphere respectively, which are defined as effective partial
pressures taking into account the non-ideal behaviour of CO, gases.
The atmospheric CO, fugacity, fCOj, isafunction of atmospheric mole
fraction of CO,, atmospheric surface pressure, partial pressure of water
vapour and a fugacity coefficient, with the last two quantities being
functions of temperature and salinity*®*’, Finally, the CO, fugacity in
the ocean fCOj} is dependent on the thermodynamic equilibrium of
the carbonate system in seawater. It can be computed as a function
of temperature, salinity, DIC, TAIk, silicate and phosphate using the
MOCSY package®. The formulation from Waters and Millero®' has
been chosen to compute the dissociation constants of carbonic acid
(K; and K,) because it is valid over the widest range of Tand S. The
concentrations of total inorganic boron B; are based on Uppstrém™
following best practices®.

Usually, in global models and observations-derived products’,
estimates of the ocean carbon sink are calculated from equation (1)
considering temperature and salinity representative of the ocean
mixed layer (5-10 m depth), called foundation temperature T;,q
and salinity Sg,4. This flux is noted F,q in this study. However, this
approach does not allow for accounting of substantial gradients in
temperature and salinity that can formin the first metres of the upper
ocean. Several phenomena can cause these thermohaline changes,
which include the solar-induced formation of diurnal warm layers in
the first few metres® ¢, particularly present in the tropics®~%, as well
as the formation of thermal and haline diffusive microlayers of
less than a millimetre thick directly below the ocean interface®**°,
Therefore, the CO, flux should be evaluated from the concentration
difference across the molecular boundary layer®®, leading to a sub-
stantial impact of this ocean skin on the global CO, sink***>¢3¢4,

In this study, the reference flux F, is calculated by taking into
account the thermohaline stratification within the first metres below
the ocean surface due to the ocean’s ‘cool skin” and the formation of
diurnal warm layers. This reference flux is computed as:

1
Se (Tinn)\ 2 a w
600 ) (Kgintfc Odine = Kosubskin / COZsubskin) (€)

Fret = k(600)<

where subscriptint denotes that the quantity is evaluated at the inter-
face and subskin below the diffusive microlayer (Extended Data Fig.1).

Note that because molecular diffusivity of salt and heat are different,
the depths of both diffusive microlayers, respectively 6;and 6;, are
markedly distinct (Extended DataFig.1) with §;~100 pmand &5~ 10 pm.
CO, fluxshould be evaluated from temperature and salinity at the top
and bottom of the haline microlayer®’. However, the residence time of
water parcels in this microlayer is usually shorter than the chemical
equilibriumtimescale***. Therefore, in whatis called the ‘rapid model’,
the temperature and salinity at the base of the thermal microlayer are
used to compute fCO) - IN the following, the subscript subskin
refers to the base of the thermal diffusive microlayer.

Tovalidate our estimates of the global ocean carbon uptake using
the bulk flux parameterization Fy,yand of theimpact of the ocean skin
and formation of diurnalwarmlayers considered in our reference case
F.e, We compare them with estimates provided by the GCB' and the
SeaFlux data product®. The globalmean ocean CO, sink Fg,q from 2008
to2018isonaverage 2.36 + 0.21 PgC yr'. While this estimate is weaker
thanthe estimate of the GCB ocean carbon sink including the diagnos-
tics based on the different data products and models (Extended Data
Fig.2a,blackline), their respective trendsin the increase of the global
ocean sink are comparable (+0.07 PgC yr™ for Fg,q and +0.05 PgC yr™!
for GCB over 2008-2018). The flux estimate for the reference case, Fief,
is on average 2.66 + 0.21 PgC yr! (Table 1) over the same period, the
cool skin correction leading to an increase of the global carbon
uptake by +0.30 PgC yr™, which represents anincrease of 13% of global
carbon uptake over the period and is consistent with previous diag-
nostic studies®®*. Considering Fg,q, most regions of CO, outgassing are
situated in the tropical and subtropical oceans with local minima
around —-50 gC m2yr while the eastern Equatorial Pacific Ocean,
subtropical and mid-latitude regions are mainly characterized by the
absorption of CO, (Extended Data Fig. 2b). The mean flux can reach
values around +40 gC m~yr in the Northern Atlantic and Pacific
oceans. When compared with the SeaFlux data product® (Extended
Data Fig. 2d), the spatial distribution of F;,q appears to be consistent
inmostregions. However, the equatorial Pacific Ocean CO, outgassing
is overestimated by up to -15gC m2yr™, and the CO, sink in the high
latitude regions by up to+30 gCm2yr™.

The effects of rain on air-sea CO, fluxes

Rainfall has distinct effects on the physical and biogeochemical state
ofthe surface ocean, as follows: (1) the penetration of raindropsin the
first centimetres below the surface induces an enhancement of the
turbulence at the interface'>***%°"%% and (2) the associated input of
freshand usually cold water leads tosalinity and temperature gradients.
Asraindrops are weakly concentrated in CO,, they also dilute carbonate
system variables in the first metres below the surface. Finally, (3) it
directly injects moles of carbon into the ocean that raindrops absorb
during their fall (wet deposition). Rainfall thus impacts fC0j,, and
fCOY. hainthrough cooling and dilution of salinity, DIC and TAIK. While
the evaluation of the salinity and TAlk dilution is done considering
an input of freshwater (S = 0) with no alkalinity contribution, rain is
weakly concentrated in DIC?"*® with DIC = DIC,. In addition to
being responsible for the wet deposition, this rain DIC slightly limits
the DIC dilution by rain. This effect is however negligible.

(1) Effect of rain on ocean near-surface turbulence. Following studies
based on laboratory experiments'>°¢, the enhancement of the transfer
velocity by rain-induced turbulence is defined as an additional term.
The total gas transfer velocity due to wind and rain (k(600),) is®°:

KEFg
KEF,,

k(600), = k(600), + k(600), = k(600), + (1 —exp (—a ))k(éOO)min

“)
where a = 0.3677, k(600),,;, the rain-induced transfer velocity, KEFg

and KEF,, are the kinetic energy fluxes imparted to the water by the
rainand by the surface winds, respectively.
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(2) Effect of rain on the near surface water composition. The varia-
tionsinthe temperature and salinity in the first metres below the ocean
surfaceare calculated at1 hintervalat 0.25° resolution over the entire
globe using a prognostic ocean skin model’. This latter determines
the changes intemperature and salinity (1) across the diffusive micro-
layer (<1 mm thick) following Fairall et al.*® for T and Schliissel et al.”’
for S, and (2) below the skin and within the first metres by extending a
sea surface skin temperature prognostic scheme’ for diurnal warm
layers so that it can represent the cooling and freshening of the near
surface by rain (Extended Data Figs. 1 and 3a,b for the spatial distri-
bution of rain-induced salinity anomalies in the ocean near surface).
The input variables for the model are Ty4, Sy, rain rate ((R), 10 m
wind speed (uyo), surface radiative and turbulent heat fluxes, air
temperature, humidity and surface pressure. It enables the calculations
of temperature and salinity at the interface (S;,.and T;,) and below the
diffusive microlayers (Squpsiin AN Tyupsiin)-

If the parameterization of AT, = Tine — Tsubskin AN ATgupekin =
Tabskin — Trng has been extensively validated”, the parameterization
of ASgupskin = Ssubskin — Stna has only been validated against a limited
set of in situ observations in the tropics and mid-latitudes®*°"% Yet,
fCO5,, is mainly sensitive to temperature and fCOy, ., to salinity
changes****%, Therefore, to evaluate the uncertainty of our estimate
on the dilution by rain, an alternative parameterization based on
satellite measurements® is considered to calculate AS . We note
AS; the change in subskin salinity obtained with the physical para-
meterization, previously described, and AS, the one obtained with
the empirical relation deduced from a large set of observations on
the globe of surface salinity from SMOS and SMAP. The latter depends
on 10 mwind and rain rate from IMERG as follows AS, = b;Ru;o %2, with
the coefficients b; = —0.35 pss (mm h™) " and b, = 0.77. This latter
parameterization of the salinity gradient below the diffusive micro-
layer usually leads to stronger rain-induced dilution than the former
physically based parameterization®® (Extended Data Fig. 3c).

Givenarain-induced freshening below the microlayer, changesin
DICqypskin @aNd TAlkgps1in are then directly calculated from the corres-
ponding changes in Sg,psin” as follows:

Ssubski Ssubski
DICsupskin = DICtng (—5;':5:'" ) +DIC, (1 - —Sgrt'") ®)
n n

S. .
TAlkuostin = TAlking (=225 ) ®)
fnd

DIC,is determined using the temperature-solubility relationship*®
and assuming the raindrops are in solubility equilibrium with fCOjat
the wet-bulb temperature, whichisavalid substitute for the rain drop
temperature at the ocean surface”. Thus, DIC, = K, fCO; with K,
the aqueous solubility of CO, and fCOj the partial pressure of CO, in
the atmosphere. Both quantities are calculated for freshwater (that s,
S = 0) and using the wet-bulb temperature, which can be defined as a
function of air temperature and relative humidity™. For instance,
during SPURS-2, the DIC concentration in raindrops was around
DIC, =14.6 mol kg_1 (ref. 21). This correction on the DIC dilution
has however only a negligible impact on the calculated rain effects
on the global CO, sink, reducing around 0.008% the uncorrected
flux estimates taking into account rain-induced dilution from 2008
t02018.

(3) Wet deposition. Finally, following the same assumption of equili-
brium between the raindrops and fC0j in the atmosphere, the wet
deposition of CO, by rain (Fy,) is defined as an additional flux to the
classical interfacial flux across the ocean interface (F,.; described by
equation (3)) and is parameterized as follows?:

Fwp = RKo fCO; (@)

with Kpand fCO;similarly calculated using the wet-bulb tempera-
ture and a salinity set to zero. Contrary to the limitation of the near
surface DIC dilution discussed above, this direct deposition of moles
of CO, inthe oceanis a major effect of rain on the CO, global sink.

The CO, flux diagnostics
The total CO, fluxes are defined as follows:

» Thereferenceflux F,.¢iscomputed following equations (2) and (3)
with the temperature and salinity fields at the interface and below
the skin layer calculated using the prognostic model*’ to represent
diurnal warm layers and cool skin phenomena but without
considering the impact of rain and, thus, with undiluted DIC and
TAIk (thatis, DICpskin = DICenqg and TAIKgybskin = TAlkfnd).

« The CO, flux taking into account the impact of rain-induced
turbulence alone is evaluated as F, but using equation (4)
instead of equation (2) to compute the transfer velocity definition
k.(600). This flux is noted Fy,.

» TheCO,fluxtakingintoaccountonly therain-induced dilutionis
diagnosed following equations (2) and (3) with the rain impact
oN ATy, AT ypekin @Nd ASine = Sine — Ssubskin diagnosed with the prog-
nostic model*°. The effect of rain on subskin salinity change
ASqubsin 1S diagnosed either as (1) AS; using the parameterization
based on the prognostic model*® or as (2) AS, using the satellite-
derived parameterization® of near-surface dilution. The corres-
ponding fluxes are noted, respectively, as Fy,'and Fy,”. The dilution
ofthe DIC and TAlk fields are computed from equations (5) and (6)
using the corresponding change in near-surface salinity.

+ Theinterfacial flux, noted F;} and Fy2 depending on the dilu-
tion model, takes into account the effects of rain-induced turbu-
lence using equation (4) as F, and dilution using equation (3) as

Fou and Fop.
« Thewet deposition Fypis computed following equation (7).
« Total flux (F3 and F;%) is obtained by adding wet deposition

Fwp to the correspondinginterfacial flux Fy: and F2.

The corresponding rain effects are deduced from the difference
between any of these flux diagnostics and F,.; and are noted AF,,,
AFpY, AFSY, AFny. AFa AFS and AFS? respectively.

All the CO, fluxes are computed from 1 January 2008 to
31December2018.

We use the foundation sea surface temperature (7;,4), rain rate,
surface heat flux, air temperature, humidity, surface pressure and wind
speed (u,,) from the fifth generation of the European Centre for
Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis
of the global climate (ERAS5)*. These fields are provided at 0.25° hori-
zontal spatial resolution and hourly temporal resolution, except the
Tina» Which is daily. The grid cells with anon-zero ice cover from ERAS
aswellastheland cells are ignored. The foundation sea surface salinity
(Sfmg) fields used in the analysis were derived from an interpolation of
in situ sea surface salinity data using a multi-dimensional optimal
interpolation algorithm** (multi-observation global ocean seasurface
salinity and sea surface density). The product with weekly temporal
resolution was chosen and interpolated over the ERA5 grid (0.25°). We
also used NOAA Greenhouse Gas Marine Boundary Layer Reference39
for the implementation of the temporal and spatial evolution of the
atmospheric CO, dry air mole fraction (xco,). This product is derived
from atmospheric measurements from the NOAA Global Monitoring
Laboratory sampling network and originally provides zonally averaged
(over 4.5° bands) and weekly estimates, which were linearly interpo-
lated over a 0.25° grid and resampled from weekly to monthly for this
study. We use the OceanSODA-ETHZ dataset*’ for the bulk seasurface
DICs,qand TAlkg,qfields, which provide monthly values over the period
1985-2018. The seasurface phosphate andsilicate fields are taken from
aglobalmonthly climatology of TAIk” obtained using a neural network

Nature Geoscience


http://www.nature.com/naturegeoscience

Article

https://doi.org/10.1038/s41561-024-01517-y

approach with climatological fields of salinity, temperature and oxygen
from the World Ocean Atlas dataset’. While originally being on a
1° grid, both of these products were linearly interpolated over a
0.25° grid for this study.

An additional global rain product is considered in this study: the
satellite-based rain data from the NASA Global Precipitation Meas-
urement (GPM) product IMERG*. It combines rain estimates from
multiple passive microwave and infra-red sensors, which are then
corrected through gauge rain analyses. The resulting product origi-
nally provides estimates of rain rates with a spatial resolution of 0.1°
and temporal resolution of 30 min over the whole globe. Here, it has
beeninterpolated over the ERAS5 grid (0.25° x 0.25°,1h). IMERG has a
limited coverage at higher latitudes so computations are restricted to
the domain 60° S-60° N.

Data availability

Estimates of the CO, fluxes for the different diagnostics done in this
study are publicly available at the Zenodo repository at https://doi.org/
10.5281/zen0d0.12699295 (ref. 77). Reanalysis data from the ECMWF
ERAS model was obtained through the Copernicus Climate Change
Service (2023) (https://cds.climate.copernicus.eu/cdsapp#!/dataset/
reanalysis-era5-single-levels?tab=overview). The CO, dry air mole
fraction data were from the NOAA Greenhouse Gas Marine Bound-
ary Layer Reference (https://gml.noaa.gov/ccgg/mbl/data.php). The
foundation salinity values have been downloaded from EU Copernicus
Marine Service Information (https://doi.org/10.48670/moi-00051).
Global DIC and TAIk bulk values was obtained from the OceanSODA-
ETHZ climatology dataset (https://www.ncei.noaa.gov/access/
metadata/landing-page/bin/iso?id=gov.noaa.nodc:0220059). The
IMERG satellite-derived precipitation datawere provided by the NASA/
Goddard Space Flight Center’s and PPS, which develop and compute
the IMERG as a contributionto GPM, and archived at the NASA GES DISC
(https://doi.org/10.5067/GPM/IMERG/3B-HH/07).

Code availability

The prognostic ocean skin model (Bellenger et al.>°) is open-access
and can be downloaded at https://gitlab.in2p3.fr/ipsl/Imd/dpao/
ocean-skin.
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Extended Data Fig. 1| The thermohaline stratification at the air-seainterface.
Temperature (blue) and salinity (orange) profiles for a usual daylight situation

(dashed lines) and in the case of the formation of rain-induced freshwater
lenses (full lines). Across the diffusive microlayers, the temperature gradient
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Extended Data Fig. 2| The global ocean carbon sink. (a) Time series of the
global annual mean CO, sink (PgC yr™) from the Global Carbon Budget' based on
data products (dashed orange lines), individual models (dashed blue lines) and
onmodels and data products (full black line) and calculated from Ffag (fullred
line) and from F ¢ (full green line). Maps of mean air-sea CO, fluxes between

0 50

100 150

2008 and 2018 (positive into the ocean, colors) from (b) Ffog and (c) the SeaFlux
data product average® for the 6 interpolation methods for the pCO, maps and
5wind products and (d) the difference between Fp,; and the SeaFlux product.
Only the air-sea carbon flux differences that are statistically significant at the
99% level estimated by the Student’s t-test are plotted.
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Extended DataFig. 3 | The rain-induced salinity changes. Maps of mean differences due to rain below the diffusive microlayer (ASg,pskin g kg™) from the
rain-induced differences in salinity (gkg™) (a) at the oceaninterface and (b) atthe  satellite-derived empirical relationship® (AS,) and from the physically-based

base of the haline diffusive microlayer calculated using the prognostic scheme® parametrization® (AS,).
AS; over the 11-year period. (c) Scatterplot of the 2008-2018 mean salinity
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Extended Data Fig. 4 | Sensitivity of the rain effects to the dilution model.

(a) Time series of the annual mean global ocean CO, sink differences (TgCyr,
left axis) due to the rain-induced turbulence effect AF, (red), the wet deposition
effect Fy (green), the rain-induced dilution effect AFp;, (purple), the interfacial
rain effect AFjyr (blue) and to the total rain effect AF7or (orange), with the
rain-induced dilutionin these three latter contributions being either based on a

prognostic scheme® AS; (full lines) or the satellite-derived empirical
parametrization® AS, (dashed lines) (shadings are the intra-annual standard
deviation of the corresponding differences). (b) Time series of the monthly
mean seasonal cycle of global CO, sink differences (TgCyr™, colorsareasin (a),
shading represents the inter-annual standard deviation for each month).
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Extended Data Fig. 5| Spatial distribution of rain-induced CO, concentration
changes. Mean maps of rain-induced CO, concentration differences (mol m™) at
(a) theinterface and (d) the bottom of the diffusive microlayer using a prognostic
scheme® AS; for the parametrization of the corresponding temperature and
salinity gradients over the period 2008-2018. Mean maps of the salinity ((b) and (e))
and temperature ((c) and (f)) contributions to the rain-induced CO, concen-
tration differences (mol m™) at the interface ((b) and (c)) and at the bottom of
the diffusive microlayer ((e) and (f)) over the period 2008-2018. Approximate

formulations are used for the changes in CO, concentrations at the interface and
below the haline diffusive microlayer (Ci,; and Cyps1in respectively) due to rain-
induced temperature and salinity gradients across the corresponding diffusive
microlayer, and between the base of the diffusive microlayers and the top of the
mixed layer. It enables an assessment of their respective contributions to the CO,
concentration gradients. The details on the calculations of the total derivatives
of Cine = K& (T, $)fCOS(T, S)and Coupsiin = K (T, S) fCO5 (T, S, DIC, TAlk) can be
found in former studies*****.
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