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and wellbeing of Indigenous Peoples in the Arctic. At the same time, Arctic marine ecosystems
are highly susceptible to impacts of climate change and ocean acidification. While increasing
ocean and air temperatures and melting sea ice act as direct stressors on the ecosystem, they also
indirectly enhance ocean acidification, accelerating the associated changes in the inorganic
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1. Introduction
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up to four times that of the rest of the globe (Serreze and Barry, 2011; Serreze and Francis, 2006;
Rantanen et al., 2022). This phenomenon, called Arctic Amplification, is observed in air and sea
temperatures, has accelerated in recent years, and is expected to continue in the future (Rantanen
et al., 2022; Shu et al., 2022). Warming exerts a toll on sea ice extent, ice thickness, and the
duration of seasonal sea ice cover: ice is forming later in fall and retreating earlier in spring,
thereby increasing the length of the open water period (Stroeve et al., 2011; Serreze et al., 2016;
Wood et al., 2015; Stroeve et al., 2014). The lowest Arctic wide minimum sea ice extents were
recorded during the last 16 years of the 44 year-long satellite time-series (National Snow and Ice
Data Center).
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NOs; measurements were from a Submersible Ultraviolet Nitrate Analyzer (SUNA) V2 by
Sea-Bird Scientific. The SUNA is an in situ ultraviolet spectrophotometer designed to measure
the concentration of nitrate ions in water. SUNA V2 data were processed using a publicly

available toolbox (Hennon gt al., 2022; Irving, 2021) with QA/QC steps that included thermal

‘,(Deleted: etal
CF ormatted: Font color: Text 1, Not Highlight
. (F ormatted: Font color: Text 1
7 .{Deleted: etal
% CF ormatted: Font color: Text 1, Not Highlight

and salinity corrections (Sakamoto gt al., 2009), assessment of spectra and outlier removal based

(F ormatted: Font color: Text 1
.(Deleted: etal

on spectral counts (Mordy gt al., 2020), and concentration adjustments (absolute offset and linear .

g (Formatted: Font color: Text 1, Not Highlight

drift) based on pre-deployment and post-recovery reference measurements of zero concentration
(DI) water and a nitrate standard and, when available, nutrient samples taken from Niskin bottles

near the mooring site (e.g. Daniel gt al., 2020).

(Deleted: etal
/ (F ormatted: Font color: Text 1, Not Highlight
,CF ormatted: Font color: Text 1
(Deleted: -2
; (Deleted: m

(F ormatted: Font color: Text 1

2.5 CTD and Oxygen

Two CTDs were deployed on the CEO, mooting near the HydroC CO; depth. The main

Deleted: with ancillary sensors (oxygen SBE43,
‘| fluorometer, PAR) ...

/ (Deleted: near the HydroC CO,
74 ',CDeleted:

pumped Sea-Bird SeaCAT (SBE16) has been deployed on the CEO mooring around 33 m depth

/ (Deleted: pumped

since 2014, A pumped SBE43 oxygen sensor was deployed with the SBE16 during the 2015-

; [F ormatted: Font: (Default) Times New Roman, 12 pt, Not

2016,2017-2018, and 2019-2020 deployments but only data returns from the 2017-2018

deployment is discussed briefly in this manuscript (Figure S2).,

! ,(F ormatted: Font color: Text 1

'/ Bold, Font color: Text 1
/ ,,CFormatted: Font color: Text 1

The other,pumped, CTD was a Sea-Bird MicroCAT (SBE37-SMP-ODO), which was

7 (Deleted:
r (Deleted: integrated

integrated with an pptical dissolved oxygen sensor (SBE63:; Figure S2)., and the SeaFET pH

(F ormatted: Font color: Text 1
" ,'CDeleted: integrated within the

sensor within the SeapHOX instrument, The SeapHOx was deployed in fall 2016, 2017, and

gy CDeleted: that

2018. The SBE37-SMP-ODO did not record any CTD or oxygen data during the 2016

deployment and only recorded CTD and oxygen data between August and November 3 in 2018

due to battery failure.,

1 (F ormatted: Font color: Text 1
[F ormatted: Font: (Default) Times New Roman, 12 pt, Not

11

) {F ormatted: Font: (Default) Times New Roman, 12 pt, Font

(Deleted: A

(Deleted: deployments

Bold, Font color: Text 1

[F ormatted: Font: (Default) Times New Roman, 12 pt, Not

(F ormatted: Font color: Text 1

Formatted: Font: (Default) Times New Roman, 12 pt, Not
Bold, Font color: Text 1

Bold, Font color: Text 1

CF ormatted: Font color: Text 1

AN A NN A A A A AN A A A AL A A A A A A A AN A AN

color: Text 1




504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

Processing of these data included temperature and conductivity correction using pre- and

(F ormatted

128

(Moved (insertion) [2]

post-calibration data following Sea-Bird Application Note 31 and oxygen correction using pre-

and post-calibration data following Sea-Bird Module 28. Oxygen was converted from ml/I to

TEOS-10 GSW Oceanographic Toolbox (McDougall and, Baker, 2011).

,(Deleted: etal

' | Formatted ... [29
,(Deleted: &
i /CFormatted 30
(Deleted: R
[/ / (Deleted: etal

|

Formatted

| kL BlE

Differences between the two oxygen sensors (SBE43 and SBE63) of approximately 145 to

265 umol/kg were observed over the 2017-2018 deployment, and both moored sensors had

varying offsets compared to nearby casts (Figure S2). Therefore, only relative oxygen values

from the freshly calibrated SBE63 are discussed in this paper.

The freeze-up detection mooring (Figure 6) consisted of four Sea-Bird SBE 37 inductive

(Moved up [2]: Density and practical salinity were calculate:

a
/

: ‘(Deleted: The SBE37-SMP-ODO did not record any

w

i (Deleted: The freeze-up detection mooring consisted

.33

‘:V(Deleted: and evaluation

; (F ormatted

i (Deleted: Southern

/ ; (F ormatted

: (Deleted: )

/ . '(Deleted:

modem CTD sensors that transmitted in real time hourly temperature, salinity, and pressure data

via the surface float from four subsurface depths (8. 20, 30, and 40 m: Hauri gt al_, 2018).

[ 55
(Deleted: etal
(Deleted: L

Formatted

(Deleted: :

(Deleted: R

/ "‘.(Deleted: etal

2.6 Development of empirical relationship to estimate pH

' Deleted: (...016)...

pH(6,02).

Empirical relationships for estimating water column pH have been developed for regions

spanning southern, tropical, temperate and Arctic biomes, using a variety of commonly measured

Formatted

/| Deleted: (...020)...

PH(NO3, T, S, P) and pH(Oa, T

41

- ,v ,CDeleted: etal

parameters (e.g., pH(S, T, NOs, O», Si) Carter gt al., 2018; pH(O,T,S),Li gt al,, 2016, pH(6,02),

[ Deleted: (...016)...

pH(O, T),

Formatted

Watanabe gt al., 2020, pH(NOs, T, S, P) and pH(O., T, S, P), Williams gt al., 2016; pH(O2, T),

Formatted

Alin gt al,, 2012; pH(O2, T) and pH(NO3, T) Juranek gt al,, 2009). Given the tight coupling

(Deleted: etal

/(Deleted: (..012)...

pH(O2, T) and pH(NOs, T),

- [45

between the concentration of H, and concentration of CO3 solution, an empirical relationship for

- CDeleted: etal

Deleted: (...009)

estimating surface pH from pCO> was developed by the National Academies of Sciences,

Engineering and Medicine (2017) appendix F. Licker gt al,(2019) used this empirical

Formatted

_ ( Formatted

(Deleted: hydrogen ion

relationship to calculate the global average surface ocean pH and found it represented the

Formatted

\ h [Deleted: etal

“CDeleted: s

Formatted

o) | ol el el e il ) ) | el ) | ) B

. [49

12



094

095

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

relationship for surface water temperatures spanning 5°C to 45°C. Here, we take a similar
approach but extend it to water column pH in our cold region using temperature (T) and salinity

(S) as additional proxy parameters (Equation 2).,

(Deleted: 1
(F ormatted: Font color: Text 1, Not Highlight
/ /,(Deleted: a

v,(Deleted: 1

Where pH®'is the estimated yalue of water column pH, pCO; is from the HydroC, and T and S

(Formatted: Font color: Text 1

Formatted

Formatted
(Deleted: proxy

are from the SBE16, and all a (0g,= 10.4660, oy= -0.4088, 0o, = 0.0013, 03,=-0.0001) terms are

(Deleted: a

model-estimated coefficients determined using MATLAB’s multiple linear regression algorithm

regress.m (Chatterjee and Hadi, 1986), After interpolating pHseareT (Figure 4, red dots) to the

pCOs timestamp, the algorithm was trained over an arbitrarily chosen 180-day period

) CDeleted: a
: (Deleted: a
;(Deleted: a
(Formatted: Font color: Text 1

(F ormatted: Font color: Text 1
(F ormatted: Font color: Text 1

(15/9/2017-14/3/2018, Figure 4, dashed box). £ 0.0525 for pH*" (Figure 3 and

Figure S1, gray shading) was determined with Equation 1, where the RMSE (the uncertainty in

Formatted

Deleted: 3..., gray

Deleted: data ...imestamps

the estimation) over the entire pHsearer timegeries is the random component and the published

(Deleted: (Figure 3, black dots)

accuracy of the SeaFET is the systematic component (since the algorithm was trained with

pHseareT), The algorithm cross-validation and evaluation are discussed in section 3.1. Unless

\

CDeleted: time period

Deleted: ) (...igure 3..., shaded area

Deleted: An ...n uncertainty estimate for pH®*
CDeleted: blue shading

explicitly defined otherwise, observations of pH refer to pH® for the remainder of this paper.

= 12 | Koy S =)=
/ NI N N NANANANAANA NN

~

Deleted: e... shading) was determined with Equation(” 5

Deleted: is...re discussed in sS

[
e

v

Formatted
Formatted

2.7 Carbonate system calculations
Moored data were collected at different sample intervals (Table 1) and were linearly
interpolated to the HydroC CO» timestamp to enable further calculations. TA, DIC, and Qarag

(Figure 11 a & b and Figure 3d) were calculated based on measured pCO»,

and algorithm-based pH (pH®*'), Due to a lack of data, nutrient concentrations (Si, PO4, NHa4,

, T, and pressure (P)

‘ CDeleted: Estimated pH*' (Figure 34, red black line)
( Deleted: Figure 2 i-k)
(Deleted: data from the HydroC
Deleted: pH* and ..., T, and pressure (P) from the S|

61

63

gluuﬂgé;

Formatted
CDeleted: algorithm based
7, (Deleted: Nutrient concentrations (Si, POs, NH4, HoS

N
NN

Formatted
) (Deleted: etal

[
=

H»S) were assumed to be negligible in the CO2SY'S calculations (e.g. deGrandpre gt al,, 2019;

/(F ormatted ... [65

H' was used in lieu of pHseareT to allow for

13

! CDeleted: etal

) (Deleted: were assumed to be zero
‘§\<F ‘ormatted 66
E (F ormatted: Font color: Text 1

LB




862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

(Deleted: etal

f (Deleted: etal

i /CF ormatted

/ Formatted

calculations over the whole pCO- record and due to erroneously large variability of DIC and TA /O)eleted --he pH:pCO; input pair leads to large cal’. [69]
/ / ,CDeleted etal

when pHsearer Was used as an input parameter (Raimondi gt al,, 2019; Cullison-Gray gt al., // : (F ormatted .. [70
/ Deleted: et al

2011).,The pH-pCO; input pair leads to Jarge, calculated errors in DIC and TA (Raimondi gt al,

Formatted

7 (Deleted: etal

2019; Cullison-Gray gt al,, 2011) due to strong covariance between the two parameters (both

A y . CDeleted: s

temperature and pressure dependent). Cullison-Gray gt al, (2011) attributed unreasonably large /@mmmed

/CDeleted 2k...d, red line, gray line

3 i | Bl Bl Kkl |

short-term variability in calculated TA and DIC to temporal or spatial measurement mismatches (De'eted etal
(Deleted
between input pH and pCO; parameters and found that appropriate filtering alleviated noise (Deleted pH is reported in total scale for the entirety ﬁ}
/<F ormatted (W
spikes. By using pH*", which by the nature of its definition is well correlated to pCO>, we are / (Deleted )
S . . . Formatted (—3
eliminating some of these spurious noise spikes. We show Qurg calculated from pHsearer-pCO2 / '%)Orn:ad e( [76])
elete
(Figure 3d, red line) because it is less sensitive to calculated errors as it accounts for a small / [ {Deleted %

/] (Deleted et al

portion of the total CO; in seawater (Cullison-Gray gt al,, 2011).,

' [ Deleted: ,...(2000), bisulfate of Dickson, ...

[78]

Formatted

All inorganic carbon parameters were calculated using CO2SYSv3, (Sharp et al., 2023; Lewis /

and Wallace,1998) with dissociation constants for carbonic acid of Lueker gt al,,(2000),

bisulfate of Dickson, (1990), hydrofluoric acid of Perez and Fraga, (1987), and the boron-to-

chlorinity ratio of Lee gt al, ulpis et al, (2020) found that the carbonic acid dissociation

constants of Lueker gt al, (2000) may underestimate pCO- in cold regions (below ~8°C), and CDelete a0 (
. Deleted: ct al
therefore overestimate pH and CO3%. However, we choose to use Lueker gt al, (2000) because %Dele:ed eta
eleted: ,

Formatted

they are recommended (Dickson gt al,, 2007; Woosley, 2021), continue to be the standard (Jiang \

(F ormatted

X
gctal, 2021; Lauvset et al., 2021), and are commonly used at high latitudes (Duke gt al., 2021; CDeleted (

\ \ CDeleted etal

Raimondi gt al., 2019; Woosley et al., 2017). Furthermore, the difference between DIC, (Delete "
F d
calculated from pH*'and pCO,and discrete samples interpolated to moored instrument depth t \\( ormatte
\ (Deleted etal
ranged from 266 to -195 umol/kg using the k1 k2 of Sulpis gt al, (2020), compared to -38 to -7 \: (Formatted

:
\\\\ CDeleted etal

wumol/kg using Lueker et al_(2000), ,\ (Deleted etal

\(Deleted etal

\\\ Formatted

‘\ \ Formatted

14 \l\ ‘.(Formatted

H (Deleted etal

{ \ (Deleted etal

i \\(Deleted ..urthermore, the difference between

i \ Formatted

i (F ormatted

\ Formatted

(Deleted: umol...mol/kg using the k1 k2 of (

192

\‘\\

il (Deleted etal

il
( Deleted: ,

\\ \

1\ (F ormatted

(Deleted umol...mol/kg using (

=) = =) k2] =)= =) 2] =2 = | S e =) ke =
N N N NSO SN NN AN A NN




077

078

079

080

081

082

083

084

085

086

087

088

089

090

091

092

093

094

095

096

097

098

099

v

2.8 Sea ice concentration

Sea ice concentration at the observatory site was taken from the National Snow and Ice Data

Center (NSIDC; DiGirolamo gt al., 2022). Latitude and longitude coordinates were converted to

NSIDC's EASE grid coordinate system (Brodzik and Knowles, 2002) and the 25-km gridded
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the consequences of the seasonal and interannual variations in carbonate chemistry documented

in this manuscript without a proper sensitivity evaluation, the seasonally, low pH conditions have

the potential to impact organisms like bivalves in a foraging hotspot for walrus (Jay gt al,, 2012;

Kuletz gt al., 2015). Walrus, as well as their bivalve stomach contents, are important nutritional,

spiritual, and cultural components, raising concerns for food security in the context of ecosystem

shifts associated with the variability and multiplicity of climate impacts within the region (ICC,

2015).

5. Concluding Thoughts
The Chukchi Sea is undergoing a rapid environmental transformation with potentially
far-reaching consequences across the ecosystem. While we are lacking a long-term time-series,

we used this dataget to jinvestigate the drivers of extreme pH, Qarag, and pCO> and document

conditions that could affect the ecological niches of organisms, including a fast rate of ocean
acidification, elongated sea ice free periods, increased primary productivity and elevated
temperature. While a combination of experimental and monitoring approaches is needed for an

understanding of the ecological consequences of these changes, our results also highlight the
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urgency to mitigate CO emissions and simultaneously support Indigenous-led conservation

measures to safeguard an ecosystem in transition. Indigenous People in the Arctic have

established strategies to monitor, adapt to, and conserve the ecosystems upon which they depend.

Ethical and equitable engagement of Indigenous Knowledge and the communities at the forefront

of climate impacts can help guide research and conservation action by centering local priorities
and traditional practices, thereby supporting self-determination and sovereignty (Buschman and

Sudlovenick, 2022).
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Figure 8, Impact of water column mixing on pCO;. Timeseries of pCO> (black, left axis) and

a) temperature (Jjnaroon, right axis), b) salinity (green, right axis), and c) density (purple, right

axis) for 15 August to 1 December in 2016 -2020 measured at ~33m septh at the Chukchi Sea

Ecosystem Observatory.
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533 Figure 10. Drivers of the inorganic carbon system. Component timeseries of the linear Taylor

534  decomposition of a) pH, b) Qarg, and ¢) pCO». The perturbation effects due to salinity (red),

535  temperature (blue), biogeochemistry (pink), and freshwater mixing (green). and an estimated

536  residual term (grey) were computed following Rheuban et al. (2019). Sea ice concentration (blue

537  shading, %: DiGirolamo et al., 2022) is shown on the right axes = ‘(Deleted: q
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Figure 12, Low sea ice period at the Chukchi Sea Observatory. Timeseries of start (circle)
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