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OCEAN ACIDIFICATION

Climate change drives rapid decadal acidification in
the Arctic Ocean from 1994 to 2020
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The Arctic Ocean has experienced rapid warming and sea ice loss in recent decades, becoming the first
open-ocean basin to experience widespread aragonite undersaturation [saturation state of aragonite
(Rarag) < 1]. However, its trend toward long-term ocean acidification and the underlying mechanisms
remain undocumented. Here, we report rapid acidification there, with rates three to four times higher
than in other ocean basins, and attribute it to changing sea ice coverage on a decadal time scale. Sea ice
melt exposes seawater to the atmosphere and promotes rapid uptake of atmospheric carbon dioxide,
lowering its alkalinity and buffer capacity and thus leading to sharp declines in pH and Q,,;. We predict
a further decrease in pH, particularly at higher latitudes where sea ice retreat is active, whereas
Arctic warming may counteract decreases in Q.5 in the future.

n the global ocean, an increase in anthro-

pogenic carbon dioxide (CO,) has led to

decreases in seawater pH based on the

total hydrogen ion concentration scale

(pHr) and the saturation state of the cal-
cium carbonate mineral aragonite (Qar,g) in
a process known as ocean acidification (7).
Although substantial regional and decadal
variability in ocean acidification, driven by
climate-induced atmospheric and oceanic cir-
culation changes, has been observed in low-
and mid-latitude ocean basins (2-4) and in the
Southern Ocean (3), long-term ocean acidifi-
cation rates generally have followed the trends
predicted from the increase in the concentration
of CO, in the atmosphere (2, 3). For the Arctic
Ocean, although numerical models have predicted
high acidification rates (5-8), observation-
based decadal rates of surface water pHt and
Qarag change are sparse. Over the past three
decades, climate warming has induced notable
changes in the Arctic atmosphere-ice-ocean
system (fig. S1). These changes include (i) a
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rapid sea ice retreat from a nearly fully ice-
covered state before the 1990s to an ice-free
state in the southern part of the Canada Basin
and a partially ice-covered state in the north-
ern part of the basin (9), (ii) a change from
cyclonic circulation in the 1990s to an ano-
malous anticyclonic circulation pattern (10),
and (iii) a spin-up of the Beaufort Gyre (1I)
over the past 20 years (fig. S1). There are also
increases in freshwater storage (11), Pacific
Summer Water inflow (72), biological pro-
duction (13), stratification (74), air-sea CO,
exchanges and carbon sinks (15, 16), and
nutricline depth (17) and decreases in surface
nutrients (I8) and subsurface anthropogenic
CO, storage (19). In addition, pHt and cal-
cium carbonate saturation conditions have
been substantially altered by these changes
(20-26). For example, the Canada Basin was
the first open-ocean basin where surface arag-
onite undersaturation (i.e., Q.4 < 1) Was
detected (20, 22) together with subsurface
(21, 27) and intermediate water (28, 29) acid-
ification. Thus, the Arctic Ocean is considered
to be a bellwether of global climate change
and ocean acidification (30).

Here, by using pHt and Q,, estimates de-
rived from data collected on 47 Arctic research
cruises from 1994 to 2020 (see materials and
methods), we document the high rates of long-
term ocean acidification trends and basin-
scale spatial expansion in terms of both pHy
and Q,,¢ declines in the western Arctic Ocean.
With this dataset, we further examine how sea
ice loss and increasing atmospheric CO, have
altered the sea-surface carbonate chemistry
over the past two decades, and we propose an
“ice melt-driven enhanced anthropogenic CO,
acidification” mechanism to explain such rapid
rates of regional ocean acidification.

The pHy and Qe values were calculated
based on underway measurements of the par-
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tial pressure of CO, (Pco,) and salinity-derived
total alkalinity (TA), together with sea surface
temperature and salinity, from 1994 to 2020
(table S1). Data were supplemented with pHr
and Q,,¢, which were calculated from discrete
measurements of TA and dissolved inorganic
carbon (DIC) (see materials and methods).
The salinity-derived TA and corresponding
calculated DIC values match well with those
of the discrete samples, yielding uncertainties
of less than +14 umol kg™ (fig. S2), which are
further quality controlled as described in the
materials and methods. The combined uncer-
tainties of estimated pHr and Q,;,, Were
0.0113 and 0.0109, respectively, which were
computed using the uncertainty propagation
routine for CO2SYS (31).

Our results show that the area of sea surface
with relatively low pHr (<8.05) and Q¢ (<1)
expanded substantially (~0 to 0.88 x 10° km?)
from 1994 to 2020, not only increasing in
areal coverage but also extending into higher
latitudes in the western Arctic Ocean (Fig. 1).
During the 1990s, more than 90% of the
western Arctic Ocean basin waters were cov-
ered by sea ice, with a high pHr (8.17 = 0.05),
and were supersaturated with respect to
aragonite (Qurag = 1.46 + 0.23) (Fig. 1, A and
E). These initial conditions of the relatively
higher pHy and Q,,, in the sea ice-covered
period are due to the absence of gas exchange
to replenish CO, from the atmosphere and
low water temperature (i.e., for the same TA
and DIC values, pHr is higher in cold than
warm waters). As sea ice in the western Arctic
Ocean basin began to melt beyond the annual
seasonal cycle of advance and retreat in the
early 2000s, relatively lower pHr (8.12 + 0.04)
and Q. (1.21 = 0.14) were observed in sur-
face waters. This acidification happened first
in the southern Canada Basin and slope and
then extended northward to 76°N (Fig. 1, B
and F). By the late 2000s, extreme summer-
time sea ice retreat mediated by both climate
change and natural variability led to a broad
ice-free area (~1.7 x 10° km?) with a large-
scale lower pHrt (8.04 + 0.02) and aragonite
undersaturation (Qup,e = 0.97 + 0.05) that
extended into the central Canada Basin (Fig.
1, C and G). Whereas the pHy decrease could
be attributed to a combination of rapid warm-
ing and CO, uptake from the atmosphere, the
Qarag decrease was mainly due to CO, uptake
because warming would result in an opposite
trend. From 2011 to 2020, although the overall
sea ice concentration and pHr and Qg values
were similar to those of the late 2000s, the areas
of low-pHr (8.02 + 0.01) and Q,g-undersaturated
(0.95 + 0.05) waters continued to expand
northwestward (Fig. 1, D and H). We attribute
this acidification to the continuously increas-
ing atmospheric CO, uptake over the ex-
panded ice-free regions. Overall, from the
1990s to the 2010s, rapid sea ice loss and
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Fig. 1. Observations of ocean acidification
and its decadal summertime trends in the
western Arctic Ocean. (A to H) pHr [(A) to D)]
and Qa5 [(E) to (H)] in the western Arctic
Ocean during 1994 to 1999, 2000 to 2006, 2007
to 2010, and 2011 to 2020. The black dashed
lines show the ice edge (with an ice concentra-
tion threshold of 15% and gray shading repre-
senting sea ice concentration) during the first ]
week of September during the first year of the T —
subperiod; the red dashed lines show the location
of that edge during the final year of the
subperiod. Cruise information is provided in table
S1. Sea ice edge data are from the National Snow
and Ice Data Center (https://nsidc.org/data/
seaice_index/). (I and J) decadal summertime
trends of pHr and Q... Uncertainties associated
with the trends were assessed by the Monte
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Fig. 2. Linking Arctic Ocean basin acidification to sea ice loss. (A) Sea ice
loss, acidification status, and CO, buffer capacity (Revelle factor) in the rapid
sea ice melt regions of the Canada Basin (including SCB, NECB, and NWCB).

The Revelle factor (the ratio of dPco,/Pco, to dDIC/D

of the ocean'’s sensitivity to an increase in CO,. The sea surface temperature
(SST) data were obtained from the Advanced Very High Resolution Radiometer
(AVHRR) (39), whereas the sea ice extent data were obtained from the National
Snow and Ice Data Center. Note that we use September monthly means to

Different grid sizes, averaging schemes, de-
seasonalization treatments, and sensitivity
tests (randomly removing 15 or 30% of mea-
surements or cruises) were tested (figs. S3 to
S11) for the determination of long-term trends.
These various approaches yielded comparable
and consistent rates of sea surface pHt and
Qarag decrease in all subregions except for the
NWCB and CS, where undersampling in the
former and the large natural spatiotemporal
variability in the latter prohibit a good per-
formance of deseasonalization.
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represent the decadal trend

of the Canada Basin (south
IC) is a general measure

follow those in (20, 21). (C)

versions/3.

Our results revealed rapid acidification in
the western Arctic Ocean basins, with a mean
annual rate of —0.0069 + 0.0011 for pHt and
-0.0216 + 0.0040 for Q,,, from 1994 to 2020
(table S2). These rates are approximately four
and three times faster, respectively, than the
long-term decline rates in other ocean basins
[Fig. 1, K and L, table S2, and (32)]. Similarly,
the increase rate (0.128 + 0.019 nmol kg™’
year ) of hydrogen ion [H*] is also about
four times faster than that in other ocean
basins (table S2). The mean annual acidifica-

30 September 2022

s of sea ice extent. The middle and

bottom panels show the mean decadal trends in the rapid ice melt area

of 80°N), including the SCB, NECB, and

NWCB regions. (B) Long-term change in fractions of meltwater and river water
in the surface water (<20 m) of the Canada Basin. The calculation methods

Relationships between sea ice extent and pHy and

Qqrag. The sea ice extent data are from https://nsidc.org/data/G02135/

tion rate was highest in the NECB (-0.0086 +
0.0013 for pHy and —0.020 + 0.0028 for Q,;,s)
and slowest in the ice-covered higher-latitude
ocean basin (Fig. 1, I and J). These observa-
tional rates in the western Arctic basins are
much faster than those projected by both
regional and global models (e.g., —0.0025 to
-0.0030 year* for pH) (5-8). By contrast, we
found a relatively slower rate of acidification
on the CS than in the basins, with a mean
annual rate of change of —0.0031 + 0.0024 for
pHr and —0.0009 + 0.0138 for Q. (fig. S12).
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Fig. 3. Evolution of pHy and Q,,,; as a function of
days since ice retreat from 1994 to 2020 on the
Arctic Ocean basin. (A to D) Sea ice concentration
(SIC) (A), surface water pHy (B), surface water

Qarag (C), and surface water Pco, (D). The dots
and error bars represent the means and standard
deviations of SIC, pHr, Qarag, and Pco, within

1 day’s intervals. The “clouds” of gray dots

in the background show individual data points.

The solid lines show the 1D model-simulated

days since ice retreat (DSR) dependences

of these two CO, system parameters for four
periods using a constant heating rate and

panel until the DSR is 60, at which point the
temperature is then held constant. The blue

and red dashed lines represent the atmospheric CO,
level in the 2007 to 2010 and 2011 to 2020
periods, respectively. See materials and methods for
an explanation. The vertical dashed gray lines
denote DSR of -40, 0, and 60 days.

The long-term acidification rates on the CS
are likely mitigated by a strong and increas-
ing biological CO, removal driven by nutrient
inputs from the Pacific Ocean, which uses and

Qi et al., Science 377, 1544-1550 (2022)
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counteracts CO, influx from the atmosphere
13, 16, 33).

When we focus on the regions of massive
sea ice loss in the Canada Basin (including SCB,
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NWCB, and NECB), a notable finding appears—
the decreases in pHr and Q,,¢ are strongly
correlated with the decrease in sea ice extent
over the past 26 years (Fig. 2). Notably, the
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Fig. 4. Sea ice loss and melt A 83
are amplifying surface ocean 8.25
acidification in the Arctic

Ocean basin. (A to C) The 8.20 1990s
decadal progression of ocean Ice coverage~95%
acidification with respect to pHy 8.15
(A), Qarag (B), and the Revelle :F:
factor (C). The black dots repre- .10
sent the observational conditions

for pHr, Qarag, and the Revelle .05
factor (values calculated from

decadal means; table S3). The 3.00 2010s 8.0
gray dot represents the initial Nearly ice free

condition after sea ice melt [a 295
two-endmember mixing model 79

consisting of 1990s ice-covered 2100 2050 2000 1950 1900 1850 1800 1750 200 250 300 350 400 450

seawater and ice-melt water was DIC (umol ke-')
applied to calculate diluted TA

and DIC and carbonate parame- 1.5
ters; TA was used as a tracer, and

the meltwater endmember was 1.4
obtained from (40)]. The arrows

indicate the processes of 1.3
warming (orange), dilution (1, dark )
cyan), dilution-induced CO, C}E L.
uptake (Il, magenta), and ice
melt-induced CO, uptake (lll and
IV, magenta). The dilution-
induced process (I1) refers to the
uptake of CO, to compensate for 6.6 2010s
the dilution-lowered Pco, Nearly ice free e tic Ocon
(increased up to the initial Pco, in 038 Ui e
the 1990s; fig. S15); the ice melt- 2100 2050 2000 1950 1900 1850 1800 1750 03 ' ' ' '
induced process refers to the DIC (umol kg-!) 200 250 300 350 400 450
following CO, uptake from the c
atmosphere, where initial CO,
deficit term (IIl) denotes the 2010s
disequilibrium between 1990s 18 Nearly ice free
Pco, and air Pco,, and atmo-
spheric (Atm) CO; increase term
(IV) denotes acidification driven
by the air Pco, increase from

the 1990s to 2010s. The blue-
shaded areas indicate the possible
decadal variations in pHr, Qarag,
and the Revelle factor, which were &
synergistically affected by warm-

ing and CO, uptake. The initial 1990s
status of the ice-covered Canada | Toecoverage-95%
Basin n the 1990s is set as salinity 2100 2050 2000 1950 1900 1850 1800 1750 ' ' ' '
(S) = 31.3, temperature (T) = - - - . 200 250 300 350 400 450
“16°C, TA = 2192 umol kg™ PIC (ol k)
DIC = 2059 umol kg™, and Pco, =

278 patm (table S3). Dilution

with a meltwater endmember of

TA = 70 umol kg™ (40) results in a lower TA of 1912 umol kg%, DIC of 1792 umol kg™, and Pco, of 214 patm (and simultaneously lower Q... owing to decreased salinity
and carbonate ion concentration, but higher pHr owing to decreased hydrogen ion concentration) (dilution effect I). When Pco, increases back to the initial Pco, level before ice
melting in the 1990s (dilution-induced CO, uptake, l), it causes a decrease in pHy of 0.10 and a decrease in Q. of 0.25. These decreases will be driven by subsequent ice
melt-induced CO, uptake (lll and IV, where IV represents the air Pco, decadal increase of 38 patm and corresponding changes in pHr and €,.¢), which leads to a further decrease in
pHy of 0.05 and a decrease in Qa4 of 0.11. (D to F) Surface-water acidification parameters as a function of surface Pco, for the global tropical ocean, the Southern Ocean, and
the Arctic Ocean (ice-covered and ice-free scenarios) from the multidecadal perspective. The dashed lines are linear extensions of the trendlines, which may not be realistic.
Calculations were made using CO2SYS with the following input values: T = 26°C, S = 35, and TA = 2332 umol kg * for the tropical ocean; T = -0.3°C, S = 34, and TA = 2297 umol kg *
for the Southern Ocean; T = -1.6°C, S = 31, and TA = 2192 for the Arctic Ocean, ice-covered scenario; and T = 0.72°C, S = 26, and TA = 1912 umol kg™ for the Arctic Ocean, ice-free
scenario (table S3). The red arrows refer to the processes that regulate decadal changes in pHy, Qg and the Revelle factor in (A) to (C).
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earlier 18-year period (1994 to 2012) has the
steepest decline trends in pHt (-0.0098 +
0.0019 year ) and Q. (~0.0342 + 0.0077 year ),
which corresponds well with the steepest de-
crease in sea ice (Fig. 2). However, the decreas-
ing trends of both pHr and Qe Were slower
during 2010 to 2020, which is consistent with
the alleviated reduction of sea ice since 2008,
though a strong interannual variability is ap-
parent (Fig. 2A). Nevertheless, even during
this period, the rate of pHr decrease is still
comparable to rates of other ocean basins (Fig.
2A and table S2), which are mainly driven by
the increasing atmospheric CO,. Unlike pHr,
no statistically significant trend for Q,.,e Was
found during 2010 to 2020, reflecting the
counteracting effect of warming. Clearly, mas-
sive sea ice retreat, modulated by the large-
scale climate change pattern, has played a
critical role in the fast acidification in the Arc-
tic Ocean over the past two to three decades.

To explain the link between rapid long-term
pHrt and Q¢ decline rates and the massive
sea ice loss in the Arctic Ocean, a thorough
understanding of the evolution of carbonate
chemistry in response to the sea ice condi-
tion is required. In the 1990s, when most of
the Arctic Ocean surface was covered by sea
ice, the transfer of CO, from the atmosphere
into the surface waters was impeded by sea ice
(fig. S1A), resulting in a large deficit of DIC
from the atmospheric equilibrium value (ADIC =
-25 umol kg™; figs. S13C and S14). As a con-
sequence, the cold surface seawater beneath
the sea ice has a high potential to absorb
atmospheric CO, once it is exposed to the
atmosphere.

Since the 2000s, the Arctic Ocean has ex-
perienced accelerated warming and substan-
tial sea ice retreat (e.g., ice extent was at its
lowest in the summer of 2012) (Fig. 2A and
fig. S1B). We used a simple one-dimensional
(1D) dynamic model to simulate the response
of Pco,, pH, and Q,,,, to the decrease of sea
ice (Fig. 3; see supplementary materials for a
description of the model). We found that,
under partially or newly ice-free conditions,
the low-Pco, waters that were originally under
the ice were exposed to higher atmospheric
Pco, and rapidly took up CO, through air-sea
gas exchange (Fig. 3D). In other words, the
initial CO,, deficit resulted in a CO, increase
“boost” over that time period. The shallow
surface mixed layer and strong stratification
(34, 35) also prevented the dilution of the
absorbed CO,, leading to rapid responses of
the carbonate system parameters (Fig. 3, B
and C, and fig. S1B).

The rapid decreases in pHy and €, along
with sea ice retreat are seen not only over a
seasonal time scale but also over a decadal
time scale (Fig. 3). We further quantified and
decomposed the decadal drivers of acidifica-
tion (table S7) and translated the results to

Qi et al., Science 377, 1544-1550 (2022)

a graphic illustration (Fig. 4, A to C). We
found that the net increase in DIC due to CO,
uptake plays the predominant role in regulat-
ing acidification, with minor contributions
from warming and dilution. However, we fur-
ther diagnosed that, indirectly, approximately
half of the changes in Pco,, pHy, and Qgpg
that resulted from CO, uptake are attributa-
ble to the additional CO, deficit triggered by
sea ice melt (i.e., dilution of TA and DIC leads
to lower initial Pco,; see Fig. 4, A to C, fig.
S15, and table S7). Thus, the indirect effect
of dilution on the seawater carbonate sys-
tem through the promotion of CO, uptake
is an important factor driving acidification
and weakening buffer capacity in the west-
ern Arctic Ocean (Fig. 4, A to C).

The progression in sea ice loss represents a
major change in seawater carbonate chemis-
try, from a state of well-buffered seawater with
relatively high alkalinity and low Pco, under-
neath the sea ice (fig. S1IA) to a meltwater-
diluted state characterized by lower alkalinity,
higher Pco,, and lower buffer capacity under
the partially or fully ice-free surface (Fig. 4, D
to F, and fig. S1C). As a result, atmospheric CO,
invasion would lead to a greater overall de-
crease in pHr, Qar,g, and buffer capacity in
seawater diluted by meltwater than the orig-
inal water (Fig. 4, A to C, and fig. S15), illus-
trated also as a jump from one pHr-Pco,
evolving locus along the high iso-alkalinity
line in the 1990s to the low iso-alkalinity line
in the 2010s (Fig. 4, D to F). We name this
distinctive mechanism “ice melt-driven en-
hanced anthropogenic CO, acidification.” The
mechanism explains the amplified rapid acid-
ification observed in the Arctic Ocean over the
past two to three decades, in contrast to the
slower acidification in other global oceans
along only one alkalinity line (Fig. 4, D to F).
This mechanism could conceivably also oper-
ate in the sea ice zone within the Southern
Ocean, where seasonal sea ice melt also plays
an important role in sea surface CO, dynam-
ics and in air-sea CO, gas exchange (36).

We must also point out that further warm-
ing could result in contrasting impacts on pHry
and Q,, trends (fig. S16; see supplementary
text for details). This phenomenon has em-
erged in late summer in ice-free southern re-
gions since the 2010s, where both warming
and CO, uptake from the atmosphere de-
creased pHry (fig. S16A), whereas warming
(when it exceeds +1°C) increased and CO,
uptake decreased Qg (fig. S16B). When tem-
perature further increases, the net 2,5, trend
could even be positive, similar to what has
been observed in some other parts of the
world’s oceans (37, 38); this is also illustrated
as the cancellation effect of the red-plus circle
by the blue-minus circle in Fig. 1L).

Although Arctic sea ice coverage has fluc-
tuated over the past decade, it is also shifting
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from multiyear ice to first-year ice (fig. S17).
This thinning trend of sea ice implies that
summer sea ice will continue to decline in
extent and lower the seawater alkalinity and
buffer capacity until the Arctic Ocean is turned
into an ice-free region. Finally, although the
overall freshwater increase, including that
from rivers, has decreased the anthropogenic
CO, inventory in the subsurface water (19),
there is, at present, no significant decadal trend
in river-water content in the surface layer
(Fig. 2B). Therefore, both larger winter-to-
summer meltwater-induced seawater alka-
linity dilution and greater subsequent CO,
uptake from the atmosphere are expected to
be the dominant processes in surface waters.
As a consequence, the “ice melt-driven en-
hanced anthropogenic CO, acidification” mech-
anism may continue to operate over the next
few decades, becoming even more pronounced
until the time that sea ice completely dis-
appears during summer (at which time, Arctic
Ocean surface seawater may reach its lowest
alkalinity) (Fig. 4). Therefore, this greatly am-
plified summertime ocean acidification mod-
ulated by large-scale climate change may
lead to long-lasting impacts on the biogeo-
chemistry, ecosystem, and organisms in the
Arctic Ocean basins.
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Climate change drives rapid decadal acidification in the Arctic Ocean from 1994 to
2020
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Acceleration in the Arctic

The Arctic is warming at a rate faster than any comparable region on Earth, with a consequently rapid loss of sea ice
there. Qi et al. found that this sea ice loss is causing more uptake of atmospheric carbon dioxide by surface water
and driving rapid acidification of the western Arctic Ocean, at a rate three to four times higher than that of the other
ocean basins. They attribute this finding to melt-driven addition of freshwater and the resulting changes in seawater
chemistry. —HJS
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