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Introduction

This file includes information about the estimation of anthropogenic carbon (Canth) concentrations
in the California Current Large Marine Ecosystem (CCLME) and a discussion regarding their
uncertainties in Text S1 and Tables S1 and S2. Text S2 provides an additional discussion regarding
the methodology for tracking hypercapnia in the CCLME. Fourteen supplementary figures are also
included.



Text S1. Anthropogenic Carbon Estimates in the California Current Large Marine Ecosystem

The CCLME anthropogenic carbon (Cantn) estimates reported in this study are an update to those
in the upper 200 m by Feely et al. (2016). We employ the approach by Carter et al. (2019) — which
was focused on basin-scale estimates — with mapping modifications for the coastal environment.
Our approach maps reconstructed Cann estimates in the Pacific Ocean by Carter et al. (2019) to
the location (longitude, latitude, and depth) of interest in the CCLME using regressions with in situ
ocean temperature, salinity, and year as predictors. In contrast to mapping Canth in the open ocean
as done by Carter et al. (2019), depth is excluded as a predictor for mapping in the CCLME as
seawater properties are more closely related to density (with temperature and salinity collectively
serving as a proxy for this property) than water column depth.

This approach represents an improvement over the approach used previously by Feely et al. (2016)
due to the larger quantities of Canth estimates used to fit the relationships used to quantify Canth:
Feely et al. (2016) fit 2! order polynomials to Cann estimates from a single zonal (P02) and a single
meridional (P16) section intersecting the North American Coast within the CCLME and the Gulf of
Alaska, respectively, whereas the new approach uses these sections alongside many additional
sections and directly incorporates anthropogenic change estimates obtained from the 2007 to
2016 WCOA cruise occupations (Carter et al., 2019). Despite the change in the methods, the new
approach does not yield significantly different Cantn estimates on average (Table S1) than either
Feely et al.'s (2016) polynomial approach or a direct application of the unmodified regressions
outlined by Carter et al. (2019). All approaches seem comparable to within the stated standard
uncertainties of ~8 pmol Canth kg™'. Depth-dependent uncertainties in the anthropogenic changes
in pH, Qa, pCO, and [H*] are shown in Figure S9. These uncertainties are calculated by first
propagating the + 8 umol kg Can uncertainty in DIC through CO2SYS to estimate the
uncertainties in preindustrial pH, Qa, pCO, and [H']. We then compute the difference between
the modern, observed parameter and the preindustrial estimated values calculated with and
without the + 8 umol kg™ Canen uncertainty in DIC. The uncertainties in the anthropogenic changes
in pH, Qa, pCO, and [H] are reported using the root-mean-square (RMS) difference between
values of all parameters calculated normally (with no Cann uncertainty) and after adding the + 8
umol kg™ Cann uncertainty, with the standard deviation of the mean profile each parameter
calculated normally and with the + 8 pmol kg™ Cantn uncertainty across all depths in the upper 750
m as a point of reference (Table S2; Figure S9). When the +8 umol kg™ uncertainty in individual
Canth estimates is propagated through calculations, the depth-dependent uncertainties in ApH,
AQa,, ApCO,, and A[H*] do not change the primary findings of this study (Figure S9). However, the
corresponding uncertainty in ApCO, would influence the volume of water deemed hypercapnic.



Table S1. Average and root mean squared (RMS) differences between the Canh estimation
approach used in this study (using WCOA 2016 data) and the approaches used by Feely et al.
(2016) polynomial and by the unmodified Carter et al. (2019) for WCOA cruises. ("This study”
minus the indicated method, all units are umol kg™')

Average vs. RMS vs. Average vs. RMS vs.

Dataset Feely et al. 2016  Feely et al. 2016 Carter et al. 2019 Carter et al. 2019
WCOA 2007 -1.3 49 -5.6 6.6
WCOA 2011 -3.2 6.1 -5.6 6.3
WCOA 2012 -39 6 -5.5 6.2
WCOA 2013 -4.1 6.4 -6.7 7.4
WCOA 2016 -49 73 -6.1 6.9

Table S2. The root-mean-squared (RMS) difference between the anthropogenic changes (4) in
pH, Qa, pCO,, and [H*] calculated with and without the + 8 pmol kg™ uncertainty in Canen and
the standard deviation of the mean profile of parameters with and assuming no Cant uncertainty
in the upper 750 m.

Parameter RMS vs. -8 pmol kg™ Cantn RMS vs. +8 umol kg™ Cantn

ApH 0.021 0.021
AQar 0.067 0.068
ApCO; 37 patm 34 patm
A[H'] 0.66 nmol kg™ 0.62 nmol kg™
Parameter Standard Deviation Standard Deviation Standard Deviation
(-8 umol kg™ Canth) (+8 umol kg™ Canth) (N0 Cantn UNcertainty)
ApH 0.020 0.017 0.018
AQp 0.157 0.181 0.169
ApCO:; 55 patm 85 patm 70 patm

A[H*] 0.99 nmol kg™ 1.55 nmol kg 1.26 nmol kg




Text S2. Tracking hypercapnic events in the CCLME

In this study, we define hypercapnic conditions in waters with in situ pCO; values greater than or
equal to 1000 patm, following thresholds set by the prior studies of McNeil & Sasse (2016) and
Feely et al,, (2018). However, many other definitions for the hypercapnic thresholds exist in current
literature. For example, Esbaugh et al. (2012) found hypercapnia effects on the acid-base balance
of adult Gulf toadfish with pCO: levels as low as 750 patm. Other studies find detrimental effects
occur in fishes when pCO: values exceed a concentration threshold over a certain exposure time.
Nilsson et al. (2012) found loss of behavior lateralization (e.g., preferred direction of turning)
occurred in larval coral reef fishes exposed to pCO; levels of ~900 patm for 4 days. Though the
exact definition of hypercapnia may vary, a review by Heuer & Grosell (2014) discuss that many
sublethal effects on marine fishes may occur when pCO; values range from 500 to 25000+ patm
at different life stages, suggesting that 1000 patm is a realistic (while somewhat arbitrary)
threshold to contextualize ecological harm. These effects of elevated pCO, levels include impacts
to neurosensory behavior (e.g., activity levels) as well as the growth and development of certain
species (see their Figure 2). We acknowledge that our definition of hypercapnia (pCO. > 1000
patm) may not apply to all marine organisms. A key point of our study is to emphasize that the
largest Canth-driven changes in pCO; (and [H*]) occur well below the surface in the mesopelagic,
while the largest Cann-driven changes in pH and Qar are more localized to the upper ~150 m of
the water column in the CCLME. We build off previous research from this region to discuss
hypercapnia as an additional modern stressor to mid-water organisms. Additionally, the
mesopelagic zone is where dissolved oxygen levels are naturally low, leading to the compounding
effect of low dissolved oxygen and high pCO; that make it difficult for organisms to breathe and
respire.

To estimate hypercapnic events in the CCLME, we tracked the average observed minimum
hypercapnic density surface during WCOA 2016 (Figure S3) in daily output from a near real-time
model in the CCLME between 2011 and 2020. We define an event when this average density
surface is shallower than the 200 m isobath (approximate shelf break) on a given day. For example,
if the density surface oscillates around the 200 m isobath during the transition from non-upwelling
to upwelling conditions over the course of several days, each daily crossing of the 200 m isobath
will be categorized as a distinct daily event instead of as oscillations of the same event. Though
this may lead to a slight overestimation on the number of hypercapnic events each year, we report
the average maximum duration when events occur at a given latitude (Figure 4b) to show how
long events may persist at the 200 m isobath. Additionally, we report regional averages for
northern, central, and southern subregions of the CCLME. However, regional averaging might not
be representative for every location within each subregion because there are certain locations that
are hotspots for hypercapnic events (see Figures S10 and S11). In the real coastal ocean, the
presence of subsurface hypercapnic water on the continental shelf will depend on the local
bathymetry and coastal topography of the region. These spatial features may not be fully resolved
in the relatively coarse CCLME NRT model. In this study, we use the CCLME NRT model bathymetry
to determine the location (latitude and longitude) of the 200 m isobath for internal consistency
within the modelling framework, despite differences between this model and the higher resolution
gridded bathymetric data from the General Bathymetric Chart of the Oceans (GEBCO; Figure S1b).



Further, model results within ~0.5 to 1° of the CCLME NRT domain boundary may be subjected
to uncertainties attributed to boundary conditions. We neglect hypercapnic events that occur
within 0.5° of the CCLME NRT latitudinal bounds in the event analysis to account for these biases.
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Figure S1. (a) Observational and near real-time (NRT) model domain in the CCLME. Black dots
indicate the sampling stations from various cross-shelf transects during WCOA 2016. The red line
indicates the continental shelf boundary at the 200 m isobath and blue dots indicate the model
grid points on the continental shelf. (b) Differences between CCLME NRT model and GEBCO

bathymetry (m).
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Figure S2. Comparison of WCOA 2016 observations and simultaneous (by day) CCLME NRT 2016
simulations of density (kg m™) at stations sampled along each cruise transect (Lines 3 to 14; see
Figure S1a) between 100 and 300 m (colors), enveloping the depth range of the observed upper
density of hypercapnia (see Figure S3). In each panel, the 1:1 line (dashed) is shown, and the
Pearson'’s correlation coefficient (r) for each cruise transect is indicated in the upper left corner.
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Figure S3. Observed densities (kg m~) on which hypercapnia (blue; pCO, > 1000 patm) occurred
during the WCOA 2016 cruise (all circles) from samples collected within the CCLME NRT model
domain (30°N-48°N). The blue dashed line represents the observed average minimum density for
hypercapnia (1027.5 kg m™) that was tracked in the CCLME NRT physical model simulations to

estimate occurrence of hypercapnic events.
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Figure S4. (a) Estimates of anthropogenic carbon (Cantr, pmol kg™") in the upper 750 m at WCOA
2016 cruise stations in the CCLME (black dots) and at 45°N, ~152°W in the North Pacific Ocean

(red) from Carter et al. (2017). (b) Surface distribution of Cann during WCOA 2016, interpolated
from surface observations (circles).
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Figure S5. (a) Preformed dissolved oxygen (umol kg™) from Carter et al. (2020) and (b) the
utilization of dissolved oxygen (umol kg™") based on the difference between preformed O, from
Carter et al. (2020) and observed O, from GLODAPv2 2016 (Lauvset et al. 2016) in the Central
North Pacific Ocean along ~152°N between 22.5°N and 56°N. White contours in (a) show
anthropogenic carbon (umol kg™) values through the year 2002 from GLODAPv2, and white
contours in (b) show the change in pCO, (modern pCO, — preindustrial pCO;; patm) due to
anthropogenic carbon accumulation.



(a) DIC (umol kg™") (b) TA (umol kg™ (©) pH (d) 2,

10800 2000 2200 2400 2000 2200 2400 74 76 78 8 8.2 0 1 2 3
500 Kég%é;bnﬂ—
£
= 1000
Q
[0)
a
1500
—— WCOA 2016
—— P16 2015 (45°N)
2000
(¢) pCO, (uatm) () [H*] (hmol kg™ [CO T (umol kg™) (h) Revelle Factor

0 500 1000 1400 O 10 20 30 0 100 150 200 10 15 20

500
1000
1500
2000

Figure S6. Profiles of carbonate system parameters in the open and coastal North Pacific Ocean.
Mean (black) and one standard deviation (gray) profiles during the WCOA 2016 cruise in the
CCLME and at 45°N, ~152°W from CLIVAR/GO-SHIP P16N in 2015 (red) for: (a) DIC (umol kg‘1),
(b), TA (umol kg™), (c) pH on the total scale, (d) aragonite saturation state (Qa/), (€) pCO, (uatm),
(F) [H*] (nmol kg™, (g) [COs*] (umol kg™, and (h) Revelle Factor.
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Figure S7. Changes in carbonate system parameters along density surfaces from offshore to
onshore at Line 11 (~45°N; Figure S1a) in the CCLME as a metric for enhanced remineralization
over the continental shelf. The furthest offshore value was subtracted from all values on the same
density surface for (a) ApH, (b) AQa;, (€) ApCO; (uatm), and (d) A[H*] (nmol kg™") where A = modern
- preindustrial. Contours show concentrations of anthropogenic carbon (Cantr; pmol kg™).
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Figure S8. Hypercapnia in the CCLME in 2016. (a) Observed minimum depth (m) of hypercapnia
at sampling stations during WCOA 2016. (b) The simulated locations (red) of hypercapnia on the
shelf in 2016 estimated by the CCLME NRT model, determined by tracking the minimum
hypercapnic density (see methods). In (a) and (b), gray indicates no hypercapnia occurrence
(observed or simulated), and the blue line delineates the 200 m isobath. The simulated (c)
frequency, (d) maximum duration, and (e) maximum intensity of hypercapnic events at the 200 m
isobath in 2016. Gray indicates no hypercapnic event occurred. See main text for metric definitions.
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Figure S9. Depth-dependent uncertainties in (a) ADIC, (b) ApH, (c) AQa, (d) ApCO;, and (e) A[H"]
in the upper 750 m in the CCLME. The bold line in each figure represents the average profile from
all CCLME stations, as in Figure 2 of the main text. The dashed lines represent the average profiles
of parameters when the +8 pmol kg™ uncertainty in individual C.nn estimates is propagated
through calculations (see Text S2 and Table 2).
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Figure S10. Percentage of the month when the hypercapnic isopycnal was at or above the 200 m
isobath for months between 2011 and 2020 in the CCLME NRT model. Gray indicates no

hypercapnic event occurred at the 200 m isobath.
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Figure S11. Mean monthly hypercapnic intensity at the 200 m isobath for events that occurred
during between 2011 and 2020 in the CCLME NRT model. Gray indicates no hypercapnic event

occurred at the 200 m isobath.
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Climatological Depth of the Hypercapnic Isopycnal at the 200m Isobath

47.5°N -140
46°N
-150
44°N
42°N -160
§ 40°N E
<
_-%' -170-§
—  38°N Q
36°N -180
34°N
-190
32°N
30.5°N -200

Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec
Month

Figure S12. Climatological mean depth of the hypercapnic isopycnal at the 200 m isobath. The
climatology was calculated by taking the average across months of the mean monthly hypercapnic
isopycnal depth between 2011 and 2020 in the CCLME NRT model and assuming a mean monthly
isopycnal depth of 200 m when no event occurred.
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Figure S13. Mean monthly v-wind stress (r; N/m?) averaged longitudinally between the coast and
the 200 m isobath for months between 2011 and 2020 in the CCLME NRT model.
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Figure S14. Climatological monthly mean v-wind stress (r; N/m?) averaged longitudinally between
the coast and the 200 m isobath for months between 2011 and 2020 in the CCLME NRT model.
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