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ATMOSPHERIC SCIENCE

Enhance seasonal amplitude of atmospheric CO, by the
changing Southern Ocean carbon sink

Jeongmin Yun'?t, Sujong Jeong'?*, Nicolas Gruber®, Luke Gregor®, Chang-Hoi Ho*,
Shilong Piao®®, Philippe Ciais’, David Schimel®, Eun Young Kwon

The enhanced seasonal amplitude of atmospheric CO, has been viewed so far primarily as a Northern Hemisphere
phenomenon. Yet, analyses of atmospheric CO, records from 49 stations between 1980 and 2018 reveal substan-
tial trends and variations in this amplitude globally. While no significant trends can be discerned before 2000 in
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most places, strong positive trends emerge after 2000 in the southern high latitudes. Using factorial simulations
with an atmospheric transport model and analyses of surface ocean Pco, observations, we show that the increase
is best explained by the onset of increasing seasonality of air-sea CO, exchange over the Southern Ocean around
2000. Underlying these changes is the long-term ocean acidification trend that tends to enhance the seasonality
of the air-sea fluxes, but this trend is modified by the decadal variability of the Southern Ocean carbon sink. The
seasonal variations of atmospheric CO, thus emerge as a sensitive recorder of the variations of the Southern

Ocean carbon sink.

INTRODUCTION

The global carbon cycle is changing rapidly in response to human-
caused emissions, as conspicuously evidenced by the long-term
increase in atmospheric CO; (1). A remarkable feature in this record
is that as atmospheric CO; is rising, its seasonal amplitude (AMP) is
increasing as well (2, 3). Since the seasonality of fossil fuel emissions
is small (4), the variations of AMP primarily reflect a changing
imbalance between uptake and release of CO, by terrestrial ecosystems
(e.g., photosynthesis versus respiration) and by the oceans (e.g.,
biological versus solubility pumps). The increase of AMP was first
noted in the 1990s from long-term surface atmospheric CO, mea-
surements in the Northern Hemisphere (NH) (2) and later ascribed
to flux changes in the northern high latitudes from surface records
and early aircraft observations (5). This signal was attributed to
changes in terrestrial fluxes, including enhanced photosynthesis
(5-10), accelerated decomposition of soil organic matter (7, 11),
and greater cropland production (12, 13).

When studying AMP trends in the NH, the ocean plays a small
role compared to the land. By contrast, AMP in the Southern
Hemisphere (SH) is sensitive to changes in the Southern Ocean
(14-16). Of particular interest is the imprint of the decadal changes
in the Southern Ocean carbon sink on atmospheric CO,, especially
its AMP. Model simulations (17, 18) and observation-based analyses
have suggested that the Southern Ocean carbon sink weakened in the
1990s but reinvigorated after the turn of the millennium (18-20).
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This leads not only to changes in the meridional gradient in atmo-
spheric CO, (16) but also potentially to an increase in the AMP. This
effect may enhance an underlying trend in the seasonality of the
air-sea CO; fluxes caused by ocean acidification (21-23).

In this study, we revisit the trends of AMP, especially those in the
SH, by reanalyzing atmospheric records from 49 surface stations
across all the latitudes during the period 1980-2018. The potential
mechanisms underlying the AMP trends are explored via factorial
simulations with an atmospheric transport model and via air-sea
CO; flux products based on observations of the surface ocean CO,
partial pressure (Pco,).

RESULTS
Trends in seasonal amplitude of atmospheric CO,
Over the past four decades (1980-2018), long-term global atmo-
spheric CO, measurements show that AMP, here measured as the
value of annual maximum minus minimum, has increased rapidly
in the Arctic [0.94 ppm decade™! for Barrow (BRW)], moderately in
tropical and subtropical NH regions [0.18 ppm decade ™ for Mauna
Loa (MLO)], and weakly in the SH [0.03 ppm decade™! for South
Pole (SPO)] (fig. S1). Zonally averaged AMP estimated from inverse
modeling (24, 25) confirms these latitudinal features of the AMP
trends. A more detailed analysis of these trends using 20-year
moving windows reveals that for most of the 49 investigated sites,
the long-term (1980-2018) trends in AMP are primarily caused by
the period after 2000, while the trends are, with the exception of
BRW, statistically insignificant or even negative for the periods
before 2000 (Fig. 1, A and B). For the period 2000-2018, we find
positive trends of AMP in the tropics (0° to 25°) and south of 45°S,
while the trends are insignificant between 25°S and 45°S (Fig. 1A).
Although the post-2000 AMP change south of 45°S (0.21 [0.17, 0.25]
ppm decade™': mean [95% confidence intervals]; 1000 bootstrap
samples) is modest in absolute size, it corresponds to a +29%
[24, 36%] increase in its climatological value (fig. S2).

The finding of substantial changes in the AMP trends around
the turn of the millennium is confirmed by the presence of signifi-
cant breakpoints in AMP detected in 2000 and 1999, respectively, at
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Fig. 1. Changes in trends of seasonal amplitude of atmospheric CO, (AMP). (A) Twenty-year (19-year for last period) moving trends of observed AMP at 45 stations.
White and colored grids indicate nonsignificant trends (P> 0.1, two-tailed Student'’s t test) and significant trends (P < 0.1), respectively. Ash-colored grids denote missing
data. Station abbreviations are defined in table S1. (B to D) Time series of observed AMP at (B) BRW (71.3°N, 156.6°W), (C) MLO (19.5°N, 155.6°W), and (D) SPO (90°S, 24.8°W)
observatories. Thick black line represents 11-year running averaged AMP, and red line represents linear fit of AMP before and after its breakpoint. Segmented regression
lines are plotted when the regression coefficients before and after the breakpoint are significantly different (P < 0.05); otherwise, a single regression line is drawn.

the two sites with the longest records, i.e., MLO and SPO. At MLO,
the AMP trend from 1980 to 1999 was statistically insignificant
(P =0.43) (Fig. 1C), but after 2000, it increased to 0.69 ppm decade™
(P <0.05). A similar break occurred at SPO, where the trend is even
negative before 1998 (0.16 ppm decade™'; P = 0.07) but then increased
to 0.16 ppm decade™ (P < 0.05) after 1999 (Fig. 1D). This change
in AMP trends prevails over all but one [Ushuaia (USH) Station]
analyzed station south of 45°S (Fig. 1A and fig. S2), although the
stronger seasonal cycle and the higher interannual variability of
atmospheric CO, at these sites closer to the Southern Ocean make
the changes in AMP less conspicuous than those at SPO that is quite
remote from this major source of flux variability (e.g., fig. S3). For
example, the application of the segmented regression model to
the record from Palmer Station Antarctica (PSA) reveals the same
increasing trend for the 1999-2018 period (0.22 ppm decade™;
P <0.05) as seen at SPO, but the breakpoint is not significant (fig. S4).

Changes in surface CO, fluxes

The primary process altering the AMP is the net sources and sinks
of CO; at the Earth’s surface, i.e., changes in the seasonality of the
fossil fuel emissions, or in the sources and sinks of the terrestrial
biosphere or the ocean. While the AMP increases at northern high
latitudes are attributed primarily to changes in the terrestrial bio-
sphere [(5-11); also see Fig. 2A], the changes in AMP in the SH and
particularly in its high latitudes must be driven primarily by the
ocean. This is because the seasonality of tropical biomes and the
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fraction of land area in the southern high latitudes are much smaller
and also because of the comparably small impact of fossil fuel emissions
on atmospheric CO; variations in the SH (14, 16).

The impact of the ocean on the seasonality of atmospheric CO,
has been given little attention so far. One reason is the generally
lower flux density of the air-sea fluxes compared to the exchange
fluxes with the terrestrial biosphere (26). Another reason is that the
seasonality of the CO; exchange with the ocean reverses between the
low and high latitudes (22, 27). In the high latitudes (poleward of
40° latitude), the ocean acts as a sink in summer (i.e., boreal in the
NH and austral in the SH) and as a source in winter (i.e., the seasonality
of the air-sea flux in the high latitudes is in sync with that of the
terrestrial flux) (Fig. 2A). In contrast, in the low latitudes (10° to
40°), with the ocean acting as a source in summer and a sink in
winter, the seasonality of the air-sea flux is opposite to that of the
terrestrial flux.

The observed increase in the seasonality of Pco, (22), which acts
as the main thermodynamic driving force for the exchange of CO,
across the air-sea interface (27), thus causes opposing effects in the
AMP between the low and high latitudes. It tends to enhance the
AMP in the high latitudes but dampens it in the low latitudes. By
using the observational product of (28) that underlies the work of
(22) and four additional observation-based Pco, products (29-32),
we found that seasonal differences in Pco,, calculated as the absolute
value of the winter minus summer differences, have significantly in-
creased during 2000-2018 in all regions by more than 2.5 patm decade ™
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Fig. 2. Spatial distribution of mean and trends of seasonal differences in CO, fluxes. Spatial distribution of (A) climatology and (B) annual trend of differences in
terrestrial and air-sea CO; fluxes between summer and winter (winter minus summer with positive denoting fluxes into the atmosphere) for 2000-2018 (2016 for terrestrial
fluxes). The stippled areas represent statistically significant annual trends (P < 0.05, two-tailed Student’s t test). Right-hand panels show their zonally integrated latitudinal
distribution smoothed by 10° moving average. Terrestrial CO, fluxes are simulated from Community Land Model 4.5, and air-sea CO, fluxes (black line) are derived from

an inverse modeling (CAMS; dotted red line) and five observation-based Pco, data products (OceanSODA-ETHZ, Jena-MLS, MPI-SOMFFN, CSIR-ML6, and CMEMS-FFNN;
solid red line). The red shaded areas represent the 95% confidence intervals derived from 1000 bootstrap samples of datasets.

except in the southern low latitudes (0.7 [0.1, 1.6] patm decade™)
where the data-driven estimates are inconsistent (fig. S5B). Qualita-
tively, this fits well with the observed AMP changes in the SH: the
nonsignificant trends in low latitudes and significant increases in
high latitudes after 2000. Together, this finding is also confirmed by
the estimates of trends in seasonal differences of air-sea flux derived
from these Pco, products and inverse modeling (24), indicating
more than five times greater increases in high latitudes than in low
latitudes in the SH (Fig. 2B). Moreover, in the southern high lati-
tudes, the absence of a significant trend in the AMP before 2000 is
consistent with a much lower to nearly absent trend in the seasonal
difference in Pco, during 1986-1999, but the high inconsistency
(-0.3 [-2.0, 1.4] patm decade ™), likely emanating from the sparser
measurements, makes this conclusion less robust (fig. S5C).
Despite these limitations, the congruence of these changes in the
seasonality around the turn of the millennium with the decadal
variations of the Southern Ocean carbon sink (18-20) merits fur-
ther discussion. For the period 2000-2018, when significant and
robust increases in seasonal differences in air-sea flux are estimated
from the six datasets (24, 28-32) (33 [27,39] Tg C decade™), signifi-
cant increasing trends in the annual ocean carbon uptake are found
together in all datasets (200 [141, 244] Tg C decade™) (fig. S6). Sim-
ilarly, significant trends in ocean carbon sink are not estimated
before 2000 (i.e., 1986-1999; 1.8 [-94, 85] Tg C decade™) when the

Yun etal., Sci. Adv. 8, eabq0220 (2022) 12 October 2022

trend of seasonal difference in the air-sea flux is absent (5.9 [-14, 29]
Tg C decade™). Before we discuss the reasons underlying this con-
nection between variations in seasonality and annual fluxes, we first
need to put the qualitative conclusions about the attribution of the
observed changes in AMP on a quantitative basis.

Attributions of changes in the seasonal amplitude of
atmospheric CO,

To this end, we performed GEOS-Chem model simulations for
2000-2016 (see Materials and Methods for details) using gridded
estimates of the net terrestrial CO, flux (CLM4.5) (33), of different
air-sea CO, fluxes [CAMS (24), Jena-MLS (29), and Ocean-SODA -
ETHZ (32)], and of FFCO, emissions [ODIAC (34) and PKU-CO,
(35)]. The impacts of changes in the three components are evaluated
on the basis of differences between our base simulation, ALLansient
wherein all variables are transient, and the factorial simulations
VEG2000, OCNzgg0, and FF,gg0, wherein each CO, flux component is
repeatedly prescribed during the simulation period using the fluxes
for the year 2000. The effects of the other factors (i.e., atmospheric
transport and biomass burning) are evaluated from the ALL;gq
simulation, wherein the CO, fluxes of the three components are re-
peatedly prescribed at their 2000 values. We limit our simulation to
the period after 2000 because of the better consistency between the
datasets in estimating the changes in air-sea CO, flux seasonality.
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Annual trends in the simulated AMP from the base simulation
ALLjansient exhibit clear latitudinal gradients in the NH, a pattern
consistent with observations and inverse modeling estimates for
2000-2018 (Fig. 3A). Stronger positive trends in AMP (1.1 [1.0, 1.1]
ppm decade™) are detected in the Arctic (around 70°N) than in the
tropics (0.24 [0.20, 0.27] ppm decade™). In addition, a significant
positive trend in AMP (0.16 [0.09, 0.22] ppm decade™) is found
around 60°S, of similar magnitude to the observed trend. Further-
more, the model generally captures the timing of the seasonal maximum
and minimum in atmospheric CO; (i.e., phase) with an average lead
or lag time of approximately 1 month (fig. S7). At the station level,
the simulated seasonal variations are in good agreement with the
observed seasonal variations (e.g., r = 0.96, 0.96, 0.92, and 0.86 at
BRW, MLO, PSA, and SPO stations, respectively; fig. S8). In the
tropics and the southern high latitudes, our model simulates the
mean AMP within +10% of the observed values (fig. S8, B to D), but
it underestimates AMP in the Arctic (e.g., capturing 76% of the
observed mean value at BRW; fig. S8A) because of a negative bias in
the terrestrial flux of the Arctic biomes in CLM4.5-CN (36). Although
this bias might lead to an underestimation of the contribution of
terrestrial ecosystems to the AMP trends at the northern high lati-
tudes, our factorial simulations can be considered appropriate for
evaluating the influence of surface CO; fluxes on changes in AMP,
especially in the SH, the main area of interest.

The factorial simulations show that terrestrial ecosystems and
oceans are the dominant factors driving changes in AMP at high
latitudes in the NH and SH, respectively. The increasing seasonality
of terrestrial fluxes dominates the increase of AMP north of 45°N,
accounting for 82% [81, 83%)] of the observed AMP trend over this re-
gion for 2000-2018 (1.01 [1.00, 1.02] ppm decade™) (Fig. 3, Band C).
The increasing seasonality of the air-sea fluxes in the northern
North Atlantic Ocean and Greenland Sea partly reinforces the
increase in the northern AMP by 0.05 [0.01, 0.07] ppm decade™
(Fig. 3, B and D). In contrast, the increasing seasonality of air-sea
fluxes explains most of the enhancement of AMP south of 45°S,
accounting for 67% [50, 83%] of the observed AMP trend from
2000 to 2018 (0.14 [0.10, 0.17] ppm decade™). By conducting an
additional sensitivity experiment where the Southern Ocean (south
of 40°S) follows a perpetual seasonal cycle of the year 2000, while
the rest of the ocean is allowed to vary (analogous to the OCNyyg
simulation), we find that the changes in this region alone cause a
115% increase in AMP south of 45°S (fig. S9). This accounts for
most of the observed changes, confirming that the increase in AMP
south of 45°S after the turn of the millennium is primarily due to the
seasonal amplification of the air-sea CO; flux in the Southern Ocean.

Besides the dominating contribution of the changing seasonality
of the land and ocean fluxes to observed changes in AMP, we need
to pay attention also to the other factors, primarily the effect of the
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Fig. 3. Changes in seasonal amplitude of atmospheric CO, (AMP) and drivers. (A and C to E) Simulated annual trends in AMP from 2000 to 2016 (ALLyansient A) and
contributions of terrestrial CO, exchange (ALLtransient Minus BlO2gq0; C), ocean CO; exchange (ALLyransient Minus OCNaggo; D), and fossil fuel CO, (FFCO,) emissions (ALLansient
minus FFyg00; E) to this trend estimated from factorial simulations with a global atmospheric transport model (see Materials and Methods). The stippled areas represent
statistically significant annual trends (P < 0.05, two-tailed Student’s t test). In (A), the right-hand panel shows zonally averaged latitudinal distributions of the mean (thick
orange line) with 95% confidence intervals based on 1000 bootstrap samples (shaded area) of simulations. The scatters and black line indicate AMP trends for the obser-
vations at surface stations and the estimation from two inverse modeling (CAMS and Jena) with its range (shaded area) for 2000-2018. Among nonshown five outliers, a
significant value (2.47 ppm decade‘1; P <0.1 at LEF) is included in the analysis, but nonsignificant values (P> 0.1) with <—0.4 ppm decade™ (CBA, KEY, and EIC) or >3 ppm
decade™ (FSD) are excluded. (B) Contributions to zonally averaged trends of simulated AMP per 5° latitudes.
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strong increase in the fossil fuel emissions (FFCO,), and the resulting
changes in the atmospheric CO, gradients. It turns out that the
increasing FFCO, emissions have contributed to the increase of
AMP in the tropics and even the SH, but its magnitude drops to
0.08 and 0.07 ppm decade' north of 45°N and south of 45°S, re-
spectively (Fig. 3, B and E). Changes in atmospheric transport and
biomass burning also tend to reduce AMP over the tropics by
0.08 ppm decade™’ (fig. S10). However, because their effects are
spatially heterogeneous with opposite signs, their zonally averaged
AMP, especially in the SH, is very small. These findings support
the conclusions that the increases in AMP observed at high latitudes
is mostly induced by alterations in natural carbon fluxes, from the
land in the NH and from the ocean in the SH.

Processes driving the changes in the seasonality of air-sea
CO; flux in the Southern Ocean

To gain insights into the oceanic processes responsible for the
changes in seasonality of air-sea fluxes in the Southern Ocean, we
explore the drivers of the trends in the seasonal difference of Pco,,
the dominant variable modulating the air-sea CO; flux (37, 38).
Seasonal variations in Pco, are controlled by sea surface tempera-
ture (SST) and by nonthermal factors such as dissolved inorganic
carbon (DIC), alkalinity (Alk), and freshwater (FW) fluxes (diag-
nosed through changes in salinity). In the Southern Ocean, seasonal
minima and maxima of Pco, typically occur in winter and summer,
respectively, and are driven primarily by the seasonal changes in
DIC. These are a result of biological uptake of DIC in summer and
deep ocean mixing reconstituting most of the DIC (39-41). Among
the Pco, datasets, the Ocean-SODA-ETHZ product provides Pco,
as well as all other carbonate system variables (32), permitting us to
investigate the causes of the opposing trends of surface ocean Pco,
seasonality before and after 2000.

Using a linear Taylor series expansion of the changes in seasonal
Pco, differences in terms of its four components [i.e., sDIC (salinity-
normalized DIC), sAlk (salinity-normalized Alk), FW, and SST]
(see Materials and Methods for details), we explore the following
three potential mechanisms to explain the enhanced seasonality
of Pcoy: (i) increasing Pco, sensitivity to seasonal changes in each
component (e.g., by reducing the ocean’s buffering capacity); (ii)

Contribution (components)

(uatm decade™?)
o
o

-2 4
B Peo, sDIC W
Total sAlk SST
-4
1986-1999 2000-2018

increasing seasonal variability of Pco, in proportion to annual Pco,,
assuming a constant Pco, sensitivity, i.e., a “mass effect”; and (iii)
increasing seasonal differences in the drivers of the seasonality, i.e.,
changes in sDIC, sAlk, FW, and SST due to biogeophysical processes,
such as biological uptake, mixing, warming (cooling), and ice melt.
The first two mechanisms are intimately tied to ocean acidification
stemming from the ocean’s absorption of anthropogenic CO; (42).
The third mechanism is primarily associated with variability driven
by natural processes. We overall follow the decomposition analysis
presented by Landschiitzer et al. (22); however, the Pco, sensitivity
to DIC and Alk is exactly calculated considering a full carbonate
system model rather than approximations.

The linear decomposition analysis reproduces the original trends
of the seasonal differences in Pco, relatively accurately for the period
2000-2018 (capturing 98% of the original trends) (Fig. 4A and
Table 1). This fraction is only 65% for the period 1986-1999 because
the signal is much weaker so that neglected nonlinear terms matter
more. Recognizing this limitation for the period before 2000, this
linear decomposition allows us to assess the contribution of each of
the three mechanisms. Our analysis reveals that the increase in sur-
face ocean Pcoy, i.e., the mass effect, is the most important driver of
the changes in seasonality for the period 2000-2018, thus confirming
the results of (22). The mass effect enhances the seasonal contribu-
tion of sDIC (1.85 [1.72, 1.97] uatm decade™) more than it affects
the contribution of SST (1.38 [1.28, 1.47] uatm decade™") (Fig. 4B).
This leads to an amplification of the seasonal cycle in Pco, in the
Southern Ocean, as it is primarily controlled by the seasonality of
sDIC. The reduced buffer capacity, i.e., the increase in the Pco, sen-
sitivity to sDIC, is the second most important factor contributing to
the increase in the seasonal difference of Pco, (0.65 [0.57, 0.73]
uatm decade™). The seasonal changes in the drivers also act to
augment the anthropogenic seasonal amplification of Pco, (1.01
[0.54, 1.47] patm decade™).

Different results are found for the period 1986-1999. While the
increases in Pco, (0.57 [0.50, 0.65] yatm decade™) and the Pco,
sensitivity to sDIC (0.80 [0.66, 0.94] patm decade™) had tended
to increase the seasonal difference of Pco, (Fig. 4B), other factors
tended to reduce the seasonal difference. Particularly relevant is the
decreasing trend induced by the decreasing seasonal differences in

Contribution (processes)

7

(uatm decade™?)
o

NN

] changes in sensitivity of Pco,
[ changes in Pco,
Seasonal changes of components

-4

1986-1999 2000-2018

Fig. 4. Causes of changes in seasonal differences in Pco; in the Southern Ocean. (A) Area-weighted trends of seasonal differences in Pco, derived from the OceanSODA-ETHZ
dataset for 1986-1999 and 2000-2018 and contributions of sDIC, sAlk, FW, and SST to the trends. The estimated trend is shown in dark gray bars (denoted as Pco,), whereas
the sum of the decomposed contributions is shown in light gray bars (denoted as Total). (B) Contributions of changes in the sensitivity of Pco,, annual Pco,, and seasonal
differences for each component [shown in the colors indicated in (A)] described in the first, second, and third terms on the right-hand side of equations (Egs. 8 to 11)
in Materials and Methods, respectively. Dark- and light-colored bars in (B) represent significant trends (P < 0.05, two-tailed Student’s t test) and nonsignificant trends

(P> 0.05), respectively.
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Table 1. Area weighted trends of seasonal difference of Pco, in the Southern Ocean and its drivers. Linear regression coefficients (Co-eff) and 95%
confidence intervals (Clgse,) of the seasonal difference (winter minus summer) in Pco, derived from the OceanSODA-ETHZ dataset for 1986-1999 and 2000-2018
and contributions of salinity-normalized dissolved inorganic carbon (sDIC), salinity-normalized alkalinity (sAlk), freshwater (FW), and sea surface temperature

(SST) to the trends. Units of Co-eff and Clgsg, are patm decade™.

Periods
1986-1999 2000-2018
Co-eff clgs% Co-eff Clgs%
- —-0.88 2.61
Original Pco, (P<0.05) —1.72:-0.05 (P<0.05) 2.11:3.12
Factor Mechanism
Pco, 0.80 ] 0.65 ]
sensitivity (P<0.05) 0.66:0.94 (P<0.05) 0.57:0.73
1.35 1.85
sDIC Pco, (P<0.05) 1.17:1.54 (P<0.05) 1.72:1.97
—-2.05 0.46
Seasonal change P=013) —4.78:0.68 (P=035) —0.55:1.47
Pco, 0.13 ] 0.11 !
sensitivity (P<0.05) 0-11:0.15 (P<0.05) 0.09:012
0.21 0.29
sAlk Pco, (P<0.05) 0.18:0.24 (P<0.05) 0.27:0.31
-0.29 0.56
Seasonal change (P=075) —2.25:1.67 (P<0.05) 0.17:0.95
Pco, 0.00 ] 0.00 !
sensitivity (P<0.05) 0.00:0.00 (P<0.05) 0.00:0.00
0.02 0.02
FW Pco, (P<0.05) 0.01:0.02 (P<0.05) 0.02:0.03
-0.02 0.08
Seasonal change (P=0389) —-0.30:0.27 (P<0.05) 0.03:0.13
Pco, _ _ B B
sensitivity
-1.01 -1.38
SST Pco, (P<0.05) —1.14:-0.87 (P<0.05) —1.47:-1.28
0.29 -0.09
Seasonal change (P=049) -0.60:1.17 (P=0.80) —0.84:0.66
Sum -0.57 -1.41:0.26 2.55 2.13:2.96

sDIC, which compensate for the anthropogenic seasonal amplifica-
tion of Pco, (2.05 [—0.68, 4.78] patm decade™). The results thus
suggest that while the anthropogenic-driven changes in CO,, acting
through the mass effect and ocean acidification, drive up the sea-
sonal cycle of Pco, in the Southern Ocean across the four decades,
natural DIC-driven changes overcompensate these trends before
2000. This leads to the negative trend in the seasonal difference in
Pco, before 2000 and a positive trend after 2000.

This finding permits us to link the changes in the Pco, difference
to the changes in the magnitude of the Southern Ocean carbon sink.
The strong reduction in this sink during the 1990s has been at-
tributed primarily to an increase in the upwelling of natural carbon
from below in response to an intensification and southward dis-
placement of the westerly winds (17, 20, 43) associated with a strong
positive trend of the Southern Annular Mode (44). This increased
upwelling then led to anomalously strong outgassing of natural CO,
to the atmosphere, overwhelming the trend for an increased uptake
of anthropogenic CO; (43). The diagnosed reduced seasonality of
sDIC that drives the reduced seasonality during the period be-
fore 2000 is likely connected to the increase in upwelling as well.

Yun etal., Sci. Adv. 8, eabq0220 (2022) 12 October 2022

Although we lack information on the seasonality of upwelling and
vertical transport/mixing of DIC in general, it is feasible that this
enhanced vertical transport/mixing occurred year-round. Given
the strong seasonality of the surface mixed layer, this would imply
that this enhanced vertical transport reduces the impact of the bio-
logical sDIC drawdown in summer more than it increases the
impact in winter. This may lead to much higher sDIC in summer,
and marginally higher sDIC in winter, or overall to a reduced seasonal
difference in sDIC. This mechanism would explain the observed
congruent changes in the seasonal difference and the annual carbon
sink on decadal time scales.

Given this interaction between natural and anthropogenic CO,
components driving changes in the seasonal difference of Pco,, it is
difficult to predict whether the current anthropogenic-driven sea-
sonal amplification in air-sea CO; flux will continue. We thus resort
to simulation results from the Community Earth System Model 2
large ensemble (CESM2-LE) (45). CESM2-LE projects under the
high emission scenario (SSP370) that the seasonal amplitude of air-sea
CO, flux will rapidly increase in the Southern Ocean for the 21st
century because of growing impacts of the invasion of anthropogenic
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CO; into the oceans (fig. SI1A), in line with other modeling studies
(46-48). Time of emergence analyses (see Materials and Methods for
details) reveals that the anthropogenic forcing becomes statistically
distinguishable from the natural variability at the 95% confidence level
after 2002 (fig. S11B). The results suggest that the observed signifi-
cant increasing trend of seasonal amplitude of air-sea CO; flux and
atmospheric CO, after around 2000 is an inevitable consequence of
rising atmospheric CO, and the increases will continue in the future.

DISCUSSION

Significant increases in AMP are observed not only at northern high
latitudes but also at southern high latitudes for 2000-2018. In con-
trast, most trends in AMP before the year 2000 are either statistically
insignificant or even negative, and especially at southern high lati-
tudes. By using models and surface ocean Pco,-based reconstructions,
we demonstrated that the decadal variations in the AMP at southern
high latitudes are mostly caused by decadal changes in the seasonal
air-sea CO; exchange in the Southern Ocean. During the period be-
fore the turn of the millennium, the reduced seasonality of the Pco,
caused a decrease in the AMP, while the opposite situation occurred
after 2000. A Pco, decomposition analysis suggests that before 2000,
a substantial decrease in the seasonal difference of sDIC caused the
reduction in the Pco, seasonality. This was likely caused by the
enhanced upwelling of natural CO, that prevailed during the 1990s
and which is the key driver for the weakening carbon sink in the
Southern Ocean during this period (20). In contrast, for the period
after 2000, the Pco, decomposition analysis reveals that increasing
anthropogenic CO; uptake in the oceans plays a first-order role in
the seasonal amplification of air-sea CO, fluxes, in the same way
that the CO, fertilization effect in terrestrial ecosystems is thought
to be a key driver of increasing AMP in the NH (5-10). Multiple lines
of evidence presented in this study indicate that anthropogenic dis-
ruption of the carbon cycle in both oceans and terrestrial ecosystems
has been sufficiently intensified over the past several decades to now
be detectable in the atmosphere.

Although five different observation-based Pco, datasets consist-
ently show amplification of the seasonal difference in Pco; in the
Southern Ocean for the past two decades and a lack of a trend before
2000, it should be noted that the differences between the different
products are considerable, particularly for the first period. This is not
surprising since observations tend to be very sparse and generally
have a summer bias (49, 50). This hampers the accurate quantifica-
tion of the effects of natural processes (51). The seasonal sampling
biases then lead to uncertainty in diagnoses of changes in Pco, sea-
sonality and subsequently model simulations (52-54), causing con-
siderable uncertainties in future projections of the ocean carbon sink
(54). Measurements from recently initiated year-round floats (55-57),
providing information on essential biophysical and chemical prop-
erties of the world’s oceans over the entire season, will help to re-
duce this uncertainty by filling the gaps in the ship-based observing
system. Moreover, continuous monitoring of atmospheric CO, could
provide additional information concerning changes in ocean pro-
cesses and for use in assessment of model performance (16).

Our results focused on the Southern Ocean show that while
there is substantial decadal modulation of the air-sea CO, flux sea-
sonality, it is bound to be strengthened as long as atmospheric CO,
keeps rising and the ocean keeps taking up anthropogenic CO,
from the atmosphere in response. This is because this uptake of

Yun etal., Sci. Adv. 8, eabq0220 (2022) 12 October 2022

anthropogenic CO; increases oceanic Pco, and modifies the CO,
chemistry, both of which increase the seasonality of the surface
ocean Pco, and hence the seasonality of the air-sea CO, fluxes.
Concomitant with this seasonal amplification in Pco, is the seasonal
amplification of pH (58, 59) that exposes marine species, which are
sensitive to ocean acidification, to harmful conditions much earlier
than predicted from the long-term trend (58).

By recording these changes in the seasonality of the carbon cycle
in the Southern Ocean, measurements of atmospheric CO, may
thus provide a window into the study of the unfolding dynamics of
the Southern Ocean carbon cycle. It is particularly intriguing that
the changes in the seasonality tend to go hand in hand with the
changes in the annual strength of the Southern Ocean carbon sink.
Given the extraordinary role of this region in the uptake of CO,
from the atmosphere, monitoring this sink is essential. The recent
work of Long et al. (16) demonstrated already the great value of
atmospheric CO; observations for constraining the Southern Ocean
carbon sink. Our work adds to this growing evidence by pointing
out the fact that one can now tease apart changes in the seasonality
of atmospheric CO,, i.e., its AMP, permitting us to draw conclusions
about changes in the seasonality of the Southern Ocean carbon sink,
with important implications also for marine life. Therefore, the
response of the ocean system to increasing anthropogenic perturba-
tions should be continuously monitored on the basis of a compre-
hensive understanding of ocean chemical and biophysical processes
that determine the changes in ocean sink efficiency.

MATERIALS AND METHODS

Atmospheric CO, measurements

Weekly (or biweekly) flask measurements and continuous mea-
surement datasets for atmospheric CO, concentrations worldwide
are provided by the World Data Center for Greenhouse Gases
(1, 60, 61). Long-term measurement datasets at 16 stations (white
box in table S1) for 1980-2018 are used to compare changes in AMP
before and after 2000. Additional datasets from 33 stations covering
the period 2000-2018 are also used (gray box in table S1) to support
our findings, which are derived from long-term datasets from 16
stations. The longest dataset or flask measurement dataset is
preferred when both types of CO, measurements are performed
simultaneously.

To extract the seasonal cycle of atmospheric CO; for each
station, we use a standard package from the National Oceanic and
Atmospheric Administration Earth System Research Laboratories
(NOAA-ESRL) (CCGCRYV; https://gml.noaa.gov/aftp/user/thoning/
ccgerv/) (62). In the data analysis software, weekly or hourly obser-
vation data are fitted with a quadratic polynomial and four harmonics
function, as shown below

f(t):a0+a1t+a2t2+a3sin(2nt)+ (1)

a4 cos(2nt) +assin(4nt) + agcos(4mnt)

Low-pass filters with 80 and 667 cutoff days are then applied to
the residuals of the functional fit to capture the short-term and
interannual variations not derived by Eq. 1. Seasonal cycle of atmo-
spheric CO, is obtained by combining harmonic terms of the func-
tion and residuals smoothed by the short-term filter. The AMP is
calculated from the difference between the maximum and minimum
of the CO; seasonal cycle each year.
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Breakpoint analysis

A segmented linear regression model is used to test whether there is
a significant shift in the temporal trends in the AMP and to deter-
mine the timing of the significant change in the trends (i.e., a break-
point). The model calculates the sum of squares of the differences
between the original values (X) and linearly fitted values in each
segment (Y7 and Y3), and identifies the breakpoint that minimizes
the sum of squared residuals as follows

{Yl = 01X + €] (x < Breakpoint) @)

Y, = 02X + €; (x > Breakpoint)

Here, a and € represent linear regression coefficients and regres-
sion constants in each segment, respectively. Because our study
focuses on long-term changes in AMP, an 11-year running averaged
AMP is applied to the segmented regression model. The signifi-
cance of the difference between the slopes before and after the
breakpoint is then tested using a ¢ test (63) based on the original
AMP values.

Atmospheric inversion datasets

Inverse modeling estimates the optimized surface CO, flux and
three-dimensional atmospheric CO; fields from prior surface CO,
flux datasets using atmospheric CO, measurements and a transport
model. The CAMS inversion dataset (v18r3) (24) is produced using
continuous or flask measurements at 129 sites across the planet and
the Laboratoire de Météorologie Dynamique global transport model
for 1979-2018. The Jena inversion dataset (v4.3) (25) is produced
using continuous or flask measurements at 89 sites around the
world and Transport Model 3 for 1957-2018. Atmospheric CO;
concentrations at the surface in two different inversion datasets are
used to identify the latitudinal features of changes in AMP during
1980-2018. The air-sea CO, flux in CAMS dataset is used to examine
the changes in seasonality of air-sea CO, exchange for the study
period, together with Pco,-based data products.

Pco,-based products
Theair-sea CO; flux (Fcoy) is calculated from the following equation
Fcoy= Ky - Sco, - (1 - [ice])-(Pco, — Pcoy™ 3)

Here, Ky, Scoz, Pcoz, Pco,®™, and [ice] represent the gas transfer
velocity for CO,, CO; solubility, oceanic and atmospheric CO; par-
tial pressure, and ice fraction, respectively. To examine the changes
in the seasonality of air-sea CO; flux for 1980-2018 and the causes
of the changes, five different globally mapped Fco, and Pco, data-
sets based on global Pco, measurements (Surface Ocean CO; Atlas)
(49) are used: Jena-MLS (oc_v2020), OceanSODA-ETHZ, MPI-
SOMFEN, CSIR-ML6, and CMEMS-FFNN.

Jena-MLS estimates the air-sea CO, flux based on an extended
inversion framework considering atmospheric transport along with
internal processes in the oceanic mixed layer (29). The other data-
sets apply nonlinear regression techniques to derive the relation-
ship between Pco, and driving variables, including SST, sea surface
salinity, mixed layer depth, and chlorophyll a, to map surface ocean
Pco, worldwide. OceanSODA-ETHZ adopts a 16-member ensemble
approach, where each member clusters the global ocean into 21
regions based on climatological ocean states with different initial
conditions. Half of the ensemble members apply feed-forward
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neural networks (FFNs) to each cluster, and the other half use gra-
dient boosted decision trees (32). The average of the 16 ensemble
estimates is used in this study. Because the dataset does not provide
air-sea CO, fluxes, we estimate them using K, Scoz, [ice], and
Pco,®™ in the SeaFlux datasets (64). MPI-SOMFEN clusters the
global ocean into 16 areas using a self-organizing map (SOM) and
applies FFN method (30). CSIR-ML6 provides six ensemble mem-
bers of Pco, estimated by applying three different mapping methods
to two clustering instances, where the mapping methods are sup-
port vector regression, FFN, and gradient-boosted regression trees
(31). The ensemble average of six estimates is used in this study. The
CMEMS-FFNN applies 12 FFNN models to map Pco, for every
month of the year (28).

To identify the changes in seasonal differences in air-sea CO,
fluxes and Pco,, monthly variables are fitted with a quadratic
polynomial and four harmonics function (Eq. 2) for all study years
(5, 22). Seasonal variations for individual years are derived from
harmonic terms in the fitted function to data for a specific year and the
year before and after. Seasonal differences of each variable in the NH
are computed using the differences in values for winter (December
to February) and summer (June to August), and vice versa in the
SH. The same method is applied to calculate the seasonal difference
in terrestrial CO, flux used for comparison with that of air-sea
CO; flux.

GEOS-Chem model simulations

The GEOS-Chem model is an atmospheric chemical transport
model (65) that simulates atmospheric CO, from the hourly Modern
Era Retrospective analysis for Research and Applications (version 2)
reanalysis meteorological datasets (66) and surface CO, flux data-
sets. This model includes terrestrial and ocean CO, fluxes and emis-
sions from FF combustion, biomass burning, shipping, and aviation.
The monthly averaged net ecosystem production simulated from
the Community Land Model (version 4.5) with a carbon-nitrogen
module (33, 67) is used to estimate the terrestrial CO, flux. Of the
six different datasets included in our analysis, air-sea CO; fluxes
from the CAMS, Jena-MLS, and OceanSODA-ETHZ datasets are
used in the model simulations. Estimates of FFCO, emissions are
obtained from the open-source data inventory for anthropogenic
CO, (ODIAC; doi:10.17595/20170411.001) (34) and the Peking
University CO, inventory (PKU-CO; http://inventory.pku.edu.cn/
download/download.html) (35); estimates of emissions from the
biomass burning are obtained from the Global Fire Emissions
Database (68).

To evaluate the influence of terrestrial and ocean CO, fluxes and
FFCO, emissions on changes in AMP, four sets of model simula-
tions are conducted. Following 10 years of spin-up, a set of model
simulations is conducted with 2° x 2.5° spatial resolution for the
period 2000-2016 (2014 for PKU-CQO,), as the simulated terrestrial
CO;, flux covers the period until 2016 due to the lack of a climate
forcing dataset for 2017-2018. Transient meteorological variables
and surface CO; fluxes are used in ALLansient (i.€., control simula-
tion). In BIO;099, OCN2gg0, and FF,gg0, the 2000 values of terrestrial
CO;, flux, air-sea CO, fluxes, and FFCO, emissions are repeatedly
prescribed over the globe during the simulation period, respective-
ly, while the other conditions are the same as those of the control
simulation. We estimate the influence of each factor on changes in
AMP based on the differences between ALL;ansient and BIO2g00,
OCNaygg0, and FF;g09. We repeat the set of model simulations by
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switching the air-sea CO, flux datasets (CAMS, Jena-MLS, and
OceanSODA-ETHZ) and FFCO, emission datasets (ODIAC and
PKU-CO,) to provide the estimated ranges of influence for each
factor. Then, we apply the same smoothing and filtering method
with observations to the simulated monthly mean atmospheric CO,
concentrations at the surface to calculate AMP.

Additional simulation sets are also conducted. First, we prescribe
CO;, fluxes of the three components (i.e., terrestrial and ocean CO,
fluxes and FFCO, emissions) repeatedly in their 2000 values globally
for 2000-2016 (ALL;g0) to evaluate the potential influences of
atmospheric circulation and biomass burning on the observed
changes in AMP. In addition, regional influences of changes in
air-sea CO; flux in the Southern Ocean are evaluated from the
difference between ALLransient and OCN_SO;q00 simulations, in
which monthly air-sea CO, fluxes are repeatedly prescribed at their
2000 values in the Southern Ocean during 2000-2016. The ODIAC
FFCO, emission and OceanSODA-ETHZ ocean CO, flux datasets
are used for the additional simulations.

Driver decomposition of the trends of seasonal

differences in Pco,

To understand the causes of seasonal changes in Pco,, we calculate
a first-order Taylor series expansion of Pco, in terms of SST, sDIC,
sAlk, and FW using the OceanSODA-ETHZ dataset, which provides
all carbonate system parameters, and the Operational Sea Surface
Temperature and Sea Ice Analysis (69) dataset. Salinity is from the
EN4.2.1 optimally interpolated analysis (70). Temporal Pco, varia-
tions can be expressed following Landschiitzer et al. (22)

aPCO2 8PCO2
dpco2 BSST - dSST + 9DIC - dsDIC +
ap(;()2 aPCQ2
S dsAlk + St dFW (4)

where sDIC = % - DIC and sAlk = %‘f Alk

where we use the local long-term mean salinity (Syef) to normalize
DIC and AlKk, i.e., to remove the FW flux effects on seasonal varia-
tions. The sensitivities of Pco, to changes in each component are
defined as follows

_ _1 9Pco, _ DIC 9Pco,
YT = Peo, aSST” 'PI€ = Peo, 9DIC
(5)
_ Ak 9Pco, . _ Fw 9Pco,
YAk = Peo, 0Alk VW T Peo. 9FW

The equation used to calculate variations in Pco, can then be
rewritten in terms of seasonal differences (i.e., A*)

Pco
ASSPCO2 =Yr- PCOZ - A®SST + YDIC * - A¥sDIC +
DIC (6)

Pco,
FwW

2 Ss

Peo - A¥FW
Alk

YAl - sALK + ypw -

The Pco, sensitivity to temperature (yr) is approximated by
0.0423°C™! (27). The Pco, sensitivities with respect to DIC (ypic)
and Alk (yax) are calculated with the PyCO2SYS software (71),
using a gradient approach. This substantially improves the accuracy
compared to the use of the approximations from Sarmiento and
Gruber (27) as done by the previous study (22). Last, the Pco,

Yun etal., Sci. Adv. 8, eabq0220 (2022) 12 October 2022

sensitivity to FW (ypw) is derived from the sum of the Pco; sensitiv-
ity to DIC, Alk, and salinity (ys is approximated by 1) (27).

Last, we determine the time derivative of the equation and calcu-
late the contributions of three major processes to the annual trends
of seasonal differences in Pco, for each of the four components by
permitting temporal variations in only one of the terms while main-
taining the others at their long-term mean

dA*Peo,  dA®Pco,ST  dASPeo,
ar dt i dt
dAss PCOZSAlk dAss PCOZFW
dt * dt @
dASSP SST
.. dgT Pco, - ASSST + ©
dP _ sS
'Y_T COz AssSST + YT PCO dA SST
“dr Codr
dASSPCOZSDIC d'YDIC PCOz A5 PCOZ
dt @ prc 4 Yrve dt DIC ©)
———= ___ Pco, 4Aa%sDIC
SS 2 a0 SUIL
A”sDIC + Ypic Dic dt
dASSPCOZSAlk d'YAlk pCOz ASS AL
a dtax Y Al YRR (10)
i PCOZ 5 PCO; dA%¥sAlk
dt( Alk > ATsAlkr VA ST
dASSPCOZFW d'YFW PCOz AS AT
T =& W - A”FW + Yrw 1)
dPco, dAFW
— ——2.A¥FW + ¥sw - Pco, - a4

The upper bar represents the local long-term mean of each vari-
able. Equation (7) allows us to attribute the alterations in seasonal
difference in Pco; to changes in SST, sDIC, sAlk, and FW. The three
terms on the right-hand side of Egs. 8 to 11 indicate the effects of
the (i) changes in Pco, sensitivity, (ii) changes in Pco,, and (iii)
changes in seasonal differences of each component on the trend of
seasonal differences in Pco,, respectively. The sensitivity term (i) is
zero for temperature but is relevant for sDIC and sAlk as this
describes the impact of ocean acidification on these buffer factors.
The Pco, term (ii) can be thought of as a mass effect, i.e., for the
same drivers and for the same (relative) sensitivity, the seasonal
amplitude increases in absolute terms, since the drivers act on a
larger “mass” of CO,. The third term (iii) describes the impact of
the changes in the seasonality of drivers.

The spatial data are aggregated using a weighted averaging
approach for regional analysis. Because our objective is to understand
the contribution of the Pco, changes to the seasonality of air-sea
CO;, flux, the weights are based on the parameters that determine
the flux, calculated as follows

Weights = Kw - Sco, - (1 — [ice])-area (12)

To identify the uncertainty of the regional average trends of each
decomposed term, we use 95% confidence intervals derived from
NCL software, which calculates linear regression coefficients with
confidence estimates.
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Time of emergence analysis

The time of emergence indicates the time when anthropogenic forcing
starts to produce a statistically distinguishable signal from the back-
ground noise of natural and internal variability. To estimate the
emergence time of anthropogenic signal on the changes in seasonal
amplitude of air-sea CO; flux, a monthly flux dataset simulated from
a large ensemble of Community Earth System Model 2 (CESM2-LE)
is used (45). CESM2-LE consists of 100 members covering the
period 1850-2100 under the Coupled Model Intercomparison Project
version 6 (CMIP6) historical and Shared Socioeconomic Pathways
(SSP) 370 future radiative forcing scenarios. In CESM2-LE, marine
ecosystem dynamics and the carbon cycle are simulated using the
Marine Biogeochemical Library (MARBL) (72). MARBL simulates
two parallel carbonate systems. In both systems, the DIC and Alk
tracers and associated quantities such as Pco, are diagnostically
simulated but their atmospheric CO; boundary conditions are
different; one uses time-varying level of atmospheric CO, concen-
tration, and the other uses the preindustrial level of atmospheric
CO; concentration (280 ppm) during the entire simulation period.
Therefore, by comparing the simulated air-sea CO, fluxes in the
two carbonate systems, we can separately estimate the contributions
of natural and anthropogenic processes (i.e., ocean acidification)
to the temporal variations of the air-sea CO, flux in the Southern
Ocean during 1850-2100 [e.g., (46)].

To calculate the emergence time of the anthropogenically in-
duced increasing trend of seasonal amplitude of air-sea CO; flux
in the Southern Ocean, we first computed the differences between
seasonal amplitudes of the flux induced by anthropogenic forcing
and natural processes and then derived trends of the differences using
a moving window of 20 years for each ensemble member. Here,
the seasonal amplitude of the air-sea CO; flux is derived from the
difference between the annual maximum and minimum of the
detrended monthly flux. Then, the signal and noise are defined as
the mean and SD of 100 ensemble member trends, respectively. The
time of emergence is determined as the first year in which the mag-
nitude of the signal exceeds 1.96 SD.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq0220

View/request a protocol for this paper from Bio-protocol.
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