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Abstract

Ocean acidification (OA) progression is affected by multiple factors, such as ocean warming, biological production, and runoff.
Here we used an ocean-biogeochemical model to assess the impact of river runoff and climate variability on the spatiotemporal
patterns of OA in the Gulf of Mexico (GoM) during 1981-2014. The model showed the expected pH and aragonite saturation
state (2Ar) decline, due to the increase in anthropogenic carbon, with trends close to values reported for the Subtropical
North Atlantic. However, significant departures from the basin-averaged pattern were obtained in part of the northern GoM
shelf, where pH and QAr increased. Model sensitivity analyses showed that OA progression was counteracted by enhanced
alkalinity from the Mississippi-Atchafalaya River System. Our findings highlight that river alkalinity is a key driver of carbon
system variability in river-dominated ocean margins and emphasize the need to quantify riverine chemistry to properly assess

acidification in coastal waters.
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Key Points:
e We simulated the spatiotemporal variability of ocean acidification progression over the

Gulf of Mexico during 1981-2014.

e Model results showed positive trends in the surface ocean alkalinity, salinity, and

temperature influencing acidification trends.

e Increasing Mississippi river alkalinity substantially lessened the ocean acidification

progression on the northern Gulf of Mexico shelf.
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Abstract

Ocean acidification (OA) progression is affected by multiple factors, such as ocean warming,
biological production, and runoff. Here we used an ocean-biogeochemical model to assess the
impact of river runoff and climate variability on the spatiotemporal patterns of OA in the Gulf of
Mexico (GoM) during 1981-2014. The model showed the expected pH and aragonite saturation
state (Qar) decline, due to the increase in anthropogenic carbon, with trends close to values
reported for the Subtropical North Atlantic. However, significant departures from the basin-
averaged pattern were obtained in part of the northern GoM shelf, where pH and Qa: increased.
Model sensitivity analyses showed that OA progression was counteracted by enhanced alkalinity
from the Mississippi-Atchafalaya River System. Our findings highlight that river alkalinity is a
key driver of carbon system variability in river-dominated ocean margins and emphasize the need

to quantify riverine chemistry to properly assess acidification in coastal waters.

Plain Language Summary

Although ocean acidification (OA) is mainly driven by the ocean uptake of anthropogenic carbon
dioxide from the atmosphere, multiple factors influence its temporal progression, including
changes in ocean temperature, biological processes, and river discharge. Here we used numerical
model outputs to describe historical OA trends across the Gulf of Mexico (GoM) and identify the
main drivers of its spatial variability. We showed that changes in river runoff slowed OA over the
northern GoM coast. This was mainly due to an increasing Mississippi river alkalinity
concentration, a property related to the water capacity to neutralize acidification. Our results show

the importance of alkalinity changes to quantify OA progression in the GoM.

1 Introduction

Ocean acidification (OA), induced by the ocean uptake of atmospheric anthropogenic CO,
is affecting global ocean carbon chemistry, leading to a sustained decline in pH, along with an
increase in dissolved inorganic carbon (DIC), partial pressure of CO» (pCO.), and calcium
carbonate solubility, the latter usually tracked as a decline in aragonite saturation state (Qar)
(Doney et al., 2009; Gruber et al., 2019). These changes in carbon chemistry are negatively
impacting marine species and ecosystems. The most obvious impacts are associated with decreased
calcification rates in calcifying organisms, such as corals and shellfish, which results in reduced

individual growth and survival (e.g., Hoegh-Guldberg et al., 2007; Waldbusser et al., 2015). OA
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is a major environmental stressor, which is expected to produce significant changes in marine
community structure and the availability of marine resources (Ekstrom et al., 2015; Cross et al.,

2019; Doney et al., 2020).

Datasets with records extending two or more decades have revealed long-term pCO;
increases consistent with the increase in atmospheric CO., but variability is evident across regions
(Bates et al., 2014; Lauvset et al., 2015). Major departures from the anthropogenic CO»-driven
changes can be expected in coastal regions, where variability in biological production, coastal
currents, temperature, and salinity are more likely to impact carbon chemistry trends (Cai et al.,
2011; Turi et al., 2016; Laruelle et al., 2018; Salisbury & Jonsson, 2018). This is particularly true
in river dominated ocean margins where the chemistry of river discharge directly influences the
ability of coastal waters to counteract acidification (Duarte et al., 2013,). Therefore, sustained
observational programs and modeling are required to identify OA progression and causes at

regional levels, so that ecosystem and socioeconomic vulnerabilities to OA can be assessed.

The Gulf of Mexico (GoM) hosts large spatiotemporal variability in its physical and
biogeochemical patterns and is significantly influenced by the Loop Current and the Mississippi-
Atchafalaya River System (MARS). The Loop Current transports warm and oligotrophic waters
from the Caribbean Sea, and largely defines water properties in the open GoM (Muller-Karger et
al., 2015; Damien et al., 2018). The MARS delivers large freshwater and nutrients fluxes to the
northern GoM shelf, strongly modulating regional salinity and biochemistry patterns (Dagg &
Breed, 2003; Rabalais et al., 2007). A series of observational studies have documented the
dominant spatial patterns and seasonal variability of pCO; and other carbon system variables in
the GoM (e.g., Lohrenz et al., 2018; Wang et al., 2013; Wanninkhof et al., 2015; Hu et al., 2015,
2018). However, interannual to multi-decadal variability remains poorly examined due to the lack

of sufficiently long time-series capable of discriminating OA trends from natural variability.

High-resolution ocean-biogeochemical models can assist in filling observational gaps by
describing and attributing ocean chemistry variability over time. Therefore, they are particularly
valuable tools for assessing the historical progression of OA and other low-frequency processes
that impact the carbon cycle. In a recent study, Gomez et al. (2020) configured and validated an
ocean-biogeochemical model for the GoM, examining dominant seasonal patterns in pCO; and

Qar. For the present study, we used the same model to investigate OA progression. We derived
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long-term trends for OA indicators during 1981-2014 and performed sensitivity analyses to

examine the influence of river runoff and climate variability on OA progression.
2 Methods

We used the ocean-biogeochemical model described and validated in Gomez et al. (2018,
2020), which contains 16 state variables, including two inorganic carbon system variables: total
alkalinity (TA) and DIC. The ocean-biogeochemical model was implemented in the Regional
Ocean Model System (ROMS, Shchepetkin et al., 2005), with a horizontal resolution of ~8 km
and 37 sigma-coordinate vertical levels. A third order upstream scheme and a fourth order Akima
scheme were used for horizontal and vertical momentum, respectively. A multidimensional
positive definite advection transport algorithm (MPDATA) was used for tracer advection, while a
Mellor and Yamada 2.5-level closure scheme was used to resolve vertical turbulence. The initial
and open boundary conditions were derived from a 25 km horizontal resolution model for the
North Atlantic (Liu et al., 2015). Surface fluxes of momentum (6-hour resolution), heat (daily),
and precipitation (monthly) were derived from the European Centre for Medium Range Weather
Forecasts reanalysis product ERA-Interim (Dee et al., 2011) using a bulk flux parameterization.
River discharge, nutrients, TA, and DIC data were obtained from the U.S. Geological Survey for
rivers in the U.S. and derived from scientific literature for Mexican rivers (He et al. 2011; Mufioz-
Salinas & Castillo, 2015; Martinez-Lopez & Zavala-Hidalgo, 2009). We prescribed a time-
evolving monthly series of freshwater discharge for 28 river sources in the U.S., and a
climatological discharge for 10 rivers in the U.S. and 11 rivers in Mexico. Due to the lack of
continuous long-term records, the time evolving concentration of nutrients, TA, and DIC were
prescribed for only the Mississippi and Atchafalaya rivers, while long-term climatological values
were prescribed for the other river sources. The partial pressure of atmospheric CO2 (pCOzair) was
prescribed as a continuous nonlinear function (using a third-degree polynomial expression plus

four harmonics) adjusted to the monthly pCOzair series from the Mauna Loa Observatory.

In addition to the model hindcast, we also conduct two experiments to evaluate the OA
progression sensitivity to river runoff changes: the climatological MARS chemistry experiment
(CLM_MC) and the climatological rivers experiment (CLM RIV). In CLM_MC, we used
monthly climatological values for the MARS’s chemistry (nutrients, DIC, and TA). In CLM_RIV,
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we used climatological river discharge values for all rivers, as well as the climatological chemistry
for the MARS. The influence of MARS’s time evolving chemistry on OA was obtained from the
difference between the CLM_MC and hindcast trends, and the added impact of time evolving river
discharges and time-evolving MARS chemistry from the difference between the CLM_RIV and
hindcast trends. Hence, the difference between the CLM_MC and CLM_RIV trends provided an
estimate of the discharge variability impacts on OA. Finally, to evaluate the influence of climate
variability on the OA patterns, we conducted the climatological forcing experiment
(CLM_FORC), where we prescribed climatological patterns for rivers, surface fluxes and the open
boundary conditions at the southern and eastern edges of the model domain. The only exceptions
were pCOz.ir and the open boundary conditions for DIC, which varied as in the model hindcast
(following Turi et al., 2016). The climate-variability impact was derived from the difference

between the CLM_FORC and hindcast trends.

Monthly outputs of surface DIC (sDIC), surface TA (sTA), sea surface salinity (SSS), and
sea surface temperature (SST) were used to derive simulated in situ patterns of three OA indicators:
pCO:, pH, and Qa,. To this effect, we used the CO2SYS program for CO, System Calculations
(van Heuven et al., 2011). A simple linear regression was used to calculate the trends from the
model’s monthly anomalies for each variable of interest. Monthly outputs with the monthly

climatological mean of 1981-2014 removed (deseasonalized) were referred to as anomalies.

We used a first order Taylor series to decompose the surface pCOz, pH, and QAa; variability

into their four driver’s components:

~ 00 . 99 . 99, 99 .
Ap = SSDIC AsDIC + 5T A ASTA + YT ASSS + 95T ASST ()

where Ag represents the time change for the parameter of interest (either pCO», pH, or Qa,), and
the four right side terms represent the sDIC, sTA, SSS, and SST contribution to the ¢ change,
respectively. The partial derivatives of the contribution terms were estimated by adding a small
perturbation to each driver while keeping the other three terms as constant, using the CO2SYS

program for the carbon system calculations.

3 Results
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The simulated patterns of surface pCO., pH, and Qa, anomalies produced basin-averaged
trends of 1.57 + 0.03 patm yr!, —0.0015 + 0.0000 yr~!, and —0.0087 = 0.0002 yr ! during 1981-
2014, respectively. The mean surface pCO; trend was somewhat smaller than the growth of
atmospheric CO», which was at a mean rate of 1.68 patm yr-!' over the same period. Large spatial
variability was evident in the modeled trends (Figures la—lc; Table S1), suggesting that local
processes were influencing the long-term changes. The largest departures from the basin-averaged
values were located near the MARS delta, in the central part of the northern GoM shelf, where
negative pCO; trends and positive Qar and pH trends were obtained nearshore. As a result, the
average trend on the northern GoM inner shelf (bottom depth < 25 m; Figure 1f) was 0.93 £0.10
patm yr!, —0.0009 + 0.0001 yr! and —0.0003 + 0.0009 yr! for pCO», pH and Qa, respectively,
the slowest rates compared to those in other shelves and the open GoM. The modeled long-term
changes in surface pCO» impacted the air-sea CO> flux (Figure 1d, Table S1). The most prominent
feature was on the northern GoM inner shelf, where the CO; flux trend was strongly negative
(increase in carbon uptake), averaging —0.018 + 0.003 mol m~2 yr2 for a mean flux of —0.844 mol
m~2 yr!, but reaching maximum trend magnitude rates greater than —0.050 mol m2 yr2 near the
MARS delta. The basin-averaged flux trend was —0.004 + 0.001 mol m~2 yr2 for a model mean
flux of —0.382 mol m? yr!.

Changes in surface pCOz, pH, and Qa, are connected to changes in DIC, TA, salinity, and
temperature. Both pH and Qa, increase with TA and decrease with DIC and salinity. However,
their response to temperature differs, as warming decreases calcium carbonate solubility
(increasing Q) but promotes hydrogen ion formation (decreasing pH). pCO> displays the opposite
pattern to that of pH, increasing with DIC, salinity, and temperature, and decreasing with TA. A
potential reason for the small pCOz, pH, and Qa: trends on the northern GoM shelf could be an
increased biological uptake of DIC that counteracts the DIC increase due to anthropogenic COs.
However, the simulated surface net community production —the difference between phytoplankton
production and community respiration— displayed a weak negative trend near the MARS delta,
linked to decreased river discharge and nutrient runoff (Figure 1e). Consequently, a biologically

driven offset of the modeled OA trends was discarded.

To identify processes responsible for the simulated OA pattern, we examined the Taylor

decomposition of the pCO», pH, and Qa, trends. The patterns showed that sDIC, which had a basin-
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averaged growth of 1.16 = 0.02 umol kg! yr-!, dominated the total trend variability (Figures 2a—
2¢; Figure 3a; Table S1). The greatest sDIC impact was on the northern GoM inner shelf, where
the sDIC trend was 1.7 times the basin value. This implied that the slow OA progression in the
region was not driven by sDIC. Instead, the main process responsible for the slow acidification
was a significant sSTA growth of 1.90 + 0.22 umol kg! yr!, which largely counteracted the sDIC-
induced changes (Figures 2d-2f; Figure 3b; Table S1). The contributions of SSS and SST to the
pCO2, pH, and Qa: trends were relatively minor (Figures 2g—21). The salinity increase, which
averaged 0.007 yr! over the GoM basin and reached values greater than 0.020 yr! over the
northern GoM shelf and the southern part of the West Florida shelf (Figure 3c; Table S1),
strengthened the OA pattern. Surface warming, which was 0.008 + 0.002 °C yr~! on average across
the GoM basin (Figure 3d; Table S1), contributed to increase the magnitude of the pH and pCO»
trends, and had a weak positive impact on Qa,. Although small in magnitude, the SSS and SST-
induced changes influenced the spatial OA pattern. If we removed the SSS and SST contribution

from the total trends, a smoother trend pattern was obtained (Figure S1).

The trend decomposition revealed that sTA played a key role as driver of the simulated OA
trends around the MARS delta. Strong sTA growth on the northern GoM shelf, as well as the
enhanced sDIC trend, could be linked to changes in MARS chemistry. This was evident when we
compared the low-frequency TA and DIC changes for the MARS and the surface northern GoM
shelf waters (Figure S2). The TA and DIC from the MARS increased about 5 and 3 umol kg™! yr-
! during 1981-2014, respectively (Table S2). Declining trends in river discharge (=67 = 54 m® s7!
yr! for the MARS; =53 + 19 m? s7! yr! for rivers other than MARS) could also contribute to the
nearshore sTA and sDIC increase. This is because most rivers along the northern GoM coast,
excluding those in the southern and central Texas coast, have relatively low TA and DIC
concentration compared to the ocean values; thus, a decreasing discharge implies a reduced
influence of the river’s dilution effect on these two variables. To quantify the influence of rivers
on the ocean carbonate system, we examined the patterns derived from the CLM RIV and
CLM_MC experiments and compared them with the model hindcast. Over the northern GoM shelf,
CLM_RIV showed that changes in river discharge and MARS chemistry accounted for 84% of the
hindcast sTA trend and 40% of the hindcast sDIC trend (Figures 3e and 3f; Table S3). Over the
same region, CLM_MC showed that the MARS chemistry changes (excluding river flow changes)
accounted for 61% of the hindcast sTA trend and 32% of the hindcast sDIC trend (Figures S3a and
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S3b; Table S3). Consequently, changes in river discharge (CLM_MC minus CLM_RIV)
accounted for 23% and 8% of the hindcast’s TA and DIC trends, respectively (Figures S3e and
S3f). Although the sTA trend substantially decreased in the CLM_RIV experiment, a residual TA
trend remained across the basin, consistent with a positive trend in SSS (Figure 3g). This sTA and
SSS wvariation, connected to variability in the boundary conditions and a negative trend in
precipitation minus evaporation (Figure S4), largely vanished in the CLM_FORC experiment
(Figures 3j and 3k).

On the northern GoM shelf, the average OA indicators trends in the climatological
experiments displayed the same sign than in the hindcast run but with a greater magnitude (Figure
4; Table S3). River runoff had a much stronger impact on Qa; than on pCO; or pH. This was mostly
related to the variable’s sensitivity to changes in TA and DIC. Qa4 is slightly more responsive to
changes in TA than DIC, whereas pCO- and pH are more responsive to changes in DIC than TA
(Table S4). Consequently, the DIC-driven changes counteracted to a greater degree the TA-driven
changes in the cases of pCO; and pH. For other coastal regions and the open GoM, the
climatological experiments produced relatively weak trend changes in the OA indicators. At the
basin level, the effect of river runoff contributed to reduce the pCO», pH, and Qa, trends by 5%,
6%, and 10%, respectively, while the effect of climate variability contributed to reduce the same
trends by 2%, 3%, and 19%, respectively (Figure S5; Table S3). Note that the removal of the
surface warming trend in the CLM_FORC experiment (Figure 31) lessened the growth of pCO»
and the decline of pH, which explained why the strongest pCO- and pH trends were obtained by
CLM_RIV rather than CLM_FORC.

4 Discussion

High-resolution ocean models are valuable tools to describe OA trends, particularly in the
absence of long-term carbon chemistry time-series. In open GoM waters, our model outputs
showed surface trends of 1.59 + 0.02 patm yr!, —0.0016 £ 0.0000 yr!, and —0.0093 + 0.0001 yr~
! for the mean pCO», pH, and Q4 anomalies from 1981-2014, respectively. These values are close
to previous estimations for subtropical waters in the North Atlantic (Table S5). Along the coastal
margins of the GoM, our model revealed significant variations in the OA trend. Estimated shelf
averages for the four shelves (Figure 1f) ranged from 1.31 to 1.70 patm yr! for pCO,, from —
0.0013 to —0.0017 yr~! for pH, and from —0.0042 to —0.0094 yr! for Qar. For 1996-2018, Kealoha
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et al. (2020) reported mean pCO> trends of 3.20 + 1.47 patm yr~! and 0.08 + 1.66 on the western
and central parts of the northern GoM shelf, and 2.35 + 0.82 patm yr ! on the West Florida shelf.
The large trend discrepancies between their estimates and ours are most likely due to the limited
spatiotemporal coverage of the pCO; datasets used by Kealoha et al. (2020), mostly based on
underway ship measurements. This limited coverage, added to the large interannual carbon
chemistry variability driven by the MARS runoff, determined a large uncertainty to their long-
term trend calculations. This also applies to the very strong pCO> trend reported in Robbins et al.

(2018) for the West Florida shelf (4.37 patm yrt).

Although it is expected that CO> in the ocean follows the atmospheric CO; growth, multiple
studies have shown differences between the ocean and atmospheric CO» trends, as interannual and
interdecadal variability can exert a significant impact on the ocean sink and pCO; trend trajectories
(McKinley et al., 2020; Bates & Johnson, 2020). Our model results showed that the basin-averaged
pCO: trend for 1981-2014 was 7% smaller than the historic atmospheric CO; trend. Once we
removed the effect associated with river runoff in the CLM_RIV experiment, the difference was
insignificant (1%). The positive sTA trend had a significant impact on the three OA indicators
examined, contributing to lessen OA progression. The largest sTA increase was on the northern
GoM shelf associated with MARS chemistry changes, but the model also exhibited positive sTA
trends over the open GoM that were not connected to the coastal sTA signature. This result was
consistent with observational studies documenting significant alkalinity growth in the subtropical
north Atlantic during the last decades (Bates et al., 2014; Bates & Johnson, 2020; Fine et al., 2017).
Besides the sTA growth, the model simulated positive trends for SSS and SST. Surface pCO; and
pH were especially sensitive to SST changes, with surface warming contributing to accentuate the

pCO: and pH magnitude in trends.

The MARS is a key driver of hydrographic and biogeochemical patterns on the northern
GoM shelf. Multiple studies have reported its influence on salinity, coastal circulation, plankton
production, nutrients, dissolved oxygen, and carbon chemistry (e.g., Dagg & Breed, 2003; Rabalais
et al., 2007; Lohrenz et al., 2012; Huang et al., 2015). Our study adds another aspect to the impact
of the MARS runoff, showing that increasing trends in the river alkalinity had a strong buffering
effect nearshore. A sensitivity analysis using climatological forced experiments indicated that
changes in MARS chemistry accounted for a 42% reduction in the mean surface Qa: trend

magnitude over the northern GoM shelf. Changes in river discharge further reduced this Qa; trend
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magnitude by 8%. Although the potential for watershed export changes to counteract OA patterns
has been long recognized (Provoost et al., 2010; Duarte et al., 2013; Montagna et al., 2018),
previous OA studies on the northern GoM shelf have mainly focused on the link between coastal
eutrophication and subsurface acidification (e.g., Cai et al., 2011), disregarding the effect of
riverine alkalinity changes. Quantifying river runoff impacts on OA trends is difficult due to the
lack of observations to describe historical river chemistry changes. We could only prescribe time-
evolving TA, DIC, and nutrients concentration for the MARS, which accounts for 80% of the total
river discharge in the northern GoM, and climatological TA, DIC, and nutrients for other rivers.
Thus, the potential impacts linked to secular chemistry changes in small rivers have not been
accurately represented. Although acidification has been suggested for Texas rivers (Hu et al.,
2015) several studies have shown that the dominant pattern for the U.S. rivers is alkalinization,
linked to agriculture practices such as changes in water fluxes and liming (e.g., Raymond et al.,
2008; Kaushal et al., 2013; Stets et al., 2014). Therefore, we could expect that carbon-chemistry
trends in small rivers would mostly contribute to strengthening, at a local scale, the simulated sTA

trend driven by MARS runoff.

5 Conclusions

Our model results showed significant long-term changes in carbon system patterns across
the GoM mainly driven by an increase in atmospheric CO». The simulated basin-average patterns
in the open GoM were consistent with observational studies of OA in subtropical North Atlantic
waters. However, a slow OA progression was found on the northern GoM shelf, associated with a
significant increase in STA. The large sTA trend over the northern GoM shelf was mainly due to
a positive trend in MARS alkalinity, and secondarily due to the declining discharge trends of low
alkalinity rivers. Our study shows the interplay of multiple processes influencing carbon system

variability.
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Figure 1. Surface trends of (a) partial pressure of CO., (b) pH, ¢) aragonite saturation state, (d)
air-sea CO> flux, and (e) net community production derived from the model hindcast. (f) Areas
used to derive subregional trend patterns: (1) northern GoM shelf; (2) West Florida shelf; (3)
Yucatan shelf; (4) western GoM shelf; and (5) open GoM. Red and green dots in (f) depict the
Mississippi and Atchafalaya mouths, respectively. Negative CO» flux trend implies increasing
carbon uptake. Black contours depict the 25 and 200 m isobaths. The 25 m isobath defines the

limit between the inner and outer shelf.
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Figure 2. Taylor series decomposition of the surface partial pressure of CO> (uatm yr~!; upper
panels), surface pH (yr!; middle panels), and surface aragonite saturation state (yr!; bottom
panels) trends derived from the model hindcast. Patterns terms represent the contribution of (a—c)
surface dissolved inorganic carbon (sDIC); (d—f) surface total alkalinity (sTA); (g—i) sea surface

salinity (SSS); and (j—1) sea surface temperature (SST). Black contours depict the 25 and 200 m
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Figure 3. Trends of surface dissolved inorganic carbon (sDIC), surface total alkalinity (sTA), sea

surface salinity (SSS), and sea surface temperature (SST) as derived from the (a—d) hindcast, (e—
h) climatological rivers (CLM_RIV), and (i-I) climatological forcing (CLM_FORC) experiments.
Trends for sDIC and sTA are in umol kg™ yr!, for SSS in yr'!, and for SST in °C yr!. Black

contours depict the 25 and 200 m isobaths.
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Figure 4. Trend decomposition of ocean acidification indicators over the northern GoM shelf
derived from the hindcast, CLM_MC, CLM _RIV, and CLM_FORC experiments: (a) partial
pressure of CO2 (pCO»), (b) pH, and (c) aragonite saturation state (Qar). Red, blue, green, and
yellow bars represent the contribution of surface dissolved inorganic carbon (sDIC), surface total
alkalinity (sTA), sea surface salinity (SSS), and sea surface temperature (SST) to the total trend

(in black), respectively.
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Figure S1. Trend patterns for (a) partial pressure of CO, (pCOy), (b) pH, and (c) aragonite
saturation state (Qa) after removing the salinity and temperature effect. Black contours
depict the 25 and 200 m isobaths.
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Figure S2. Mississippi river and northern GoM shelf patterns in carbonate chemistry. Low
frequency patterns for (a) alkalinity and (b) dissolved inorganic carbon in the Mississippi
river and the surface layer of the northern GoM shelf.
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Figure S3. (a—d) Trend patterns for surface dissolved inorganic carbon (sDIC), surface total
alkalinity (sTA), sea surface salinity (SSS), and sea surface temperature (SST) derived from
climatological MARS chemistry experiment (CLM_MC); (e-h) Differences between trend
patterns from CLM_MC and climatological river experiment (CLM_RIV). Trends for sDIC
and sTA are in umol kg™ yr, for SSS in yr™", and for SST in °C yr". Black contours depict
the 25 and 200 m isobaths.
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Figure S4. Average time series of precipitation minus evaporation anomaly across the Gulf
of Mexico. Red line depicts the linear regression for 1981-2014. Long-term trend is
indicated in blue.
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Figure S5. Sensitivity analysis for the simulated ocean acidification indicator’s trends: (a)
partial pressure of CO; trend (uatm yr™"), (b) pH trend (yr™"), and (c) aragonite saturation
state trend (yr') derived from the model hindcast, climatological MARS chemistry
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forcing experiment (CLM_FORC). Black contours depict the 25 and 200 m isobaths.



SST SSS sTA sDIC pCO» pHtrend Qa trend CO; flux
trend trend trend trend trend trend
[103°C [103 [pmol [umol [patm [103 [103 [mmol m2
yr'] yr'l keglyr'] kglyr'l o yr] yr'] yr'] yr?]
GoM basin 7.93 6.63 0.31 1.16 1.57 -1.53 -8.66 -3.68
(2.02) (0.90) (0.02) (0.02) (0.03) (0.03) (0.15) (0.95)
1. Northern 13.98 22.09 1.26 1.67 1.31 -1.34 —4.18 -9.18
GoM shelf (3.42) (4.66) (0.14) (0.11) (0.07) (0.08) (0.57) (2.74)
Inner shelf 13.92 27.32 1.90 1.97 0.93 -0.94 -0.26* -17.61
(4.16) (6.60) (0.22) (0.17) (0.10) (0.11) (0.85) (2.79)
Outer shelf 14.02 18.05 0.76 1.45 1.61 -1.64 -7.18 -2.69*
u (2.99) (3.63) (0.08) (0.07) (0.06) (0.07) (0.43) (1.80)
2. West Florida 10.69 10.55 0.32 1.12 1.64 -1.59 -8.21 2.38%*
shelf (3.73) (1.91) (0.03) (0.02) (0.05) (0.05) (0.29) (1.51)
Inner shelf north 8.93 21.57 0.43 1.03 1.55 -1.48 -6.57 1.78%*
27°N (5.02) (3.74) (0.06) (0.04) (0.08) (0.08) (0.40) (1.92)
Inner shelf south 17.59 13.30 0.32 1.15 1.87 -1.78 -8.62 4.86
27°N (4.56) (2.09) (0.09) (0.03) (0.07) (0.07) (0.46) (1.48)
Outer shelf 9.32 5.75 0.31 1.14 1.61 —-1.58 -8.69 1.88%*
u (3.22) (1.67) (0.03) (0.03) (0.03) (0.04) (0.25) (1.50)
3. Yucatan shelf 5.32 2.28 0.17 1.09 1.59 -1.51 -9.37 -3.53
S (2.19) (0.57) (0.02) (0.02) (0.03) (0.03) (0.16) (0.91)
Inner shelf 6.22 3.26 0.19 1.13 1.69 -1.57 -9.60 —-1.16*
(2.64) (0.87) (0.02) (0.02) (0.04) (0.04) (0.18) (0.93)
Outer shelf 4.97 1.91 0.16 1.08 1.56 -1.49 -9.28 —4.43
(2.06) (0.52) (0.02) (0.02) (0.03) (0.03) (0.15) (0.93)
4. Western GoM 12.56 10.21 0.32 1.17 1.70 -1.67 -8.77 -0.96*
shelf (2.44) (2.83) (0.05) (0.03) (0.04) (0.04) 0.27) (1.05)
5. Open GoM 6.85 427 0.19 1.10 1.59 -1.55 -9.30 -3.79
P (1.81) (0.62) (0.02) (0.02) (0.02) (0.02) (0.12) (0.89)

Table S1. Simulated trends for carbon system variables in the Gulf of Mexico (GoM) and
sub-regions as derived from the hindcast experiment (1981-2014): sea surface
temperature (SST), sea surface salinity (SSS), surface total alkalinity (sTA), surface dissolved
inorganic carbon (sDIC), surface partial pressure of CO, (pCOy), surface pH, surface
aragonite saturation state (Qa), and air-sea CO, flux. Standard errors are indicated in
parenthesis. Main subregions are depicted in Fig. 1c. The northern GoM, West Florida, and
Yucatan shelves were divided in inner and outer part (bottom depths 0-25 m and 25-200
m, respectively). Florida inner shelf was further divided in a northern and a southern part.

(*) Non-significant trend at the 95% confidence level.



Mississippi Atchafalaya

Mean values (1981-2014)

DIC (umol kg!) 2,301 (328) 2,019 (413)
TA (umol kg ') 2,228 (333) 1,941 (426)
TA:DIC ratio 0.968 (0.029) 0.959 (0.046)

Linear trends (1981-2014)

DIC trend (pmol kg™ yr!) 3.2(1.3) 3.0(1.6)
TA trend (umol kg! yr?) 5.1(1.2) 5.6 (1.6)
TA:DIC ratio trend (yr ™) 0.88 x 1073 (0.14 x 1073) 1.37 x 1073 (0.21 x 1073)

Table S2. Long term patterns for the Mississippi and Atchafalaya carbon chemistry derived
from the U.S. Geological Survey records. Standard errors of the mean values and trends
are indicated in parenthesis.



SST SSS sTA sDIC pCO2 pH Qar

[1023°C [107? [umol [umol [uatm [107? [10°
yr'] yr'] kg yr'] kg yr'] yr'] yr'] yr']
CLM_MC experiment

. 7.9 6.6 0.20 1.60 “157 2911

GoM basin (1.00) (1.00) (0.65) 1.09(093) (1.02) (1.03) (1.05)
14.0 2.1 0.49 1.14 1.56 7165 728

Northern GoM shelf (1.00) (1.00) (0.39) (0.68) (1.19) (1.23) (1.74)
) 10.7 10.6 0.24 1.07 1.66 “1.62 855

West Florida shelf (1.00) (1.00) (0.75) (0.96) (1.01) (1.02) (1.04)
Vucatan shelf 53 23 0.17 1.09 1.59 “151 2939
(1.00) (1.00) (1.00) (1.00) (1.00) (1.00) (1.00)

12,6 102 0.19 1.07 171 “171 2923

Western GoM shelf (1.00) (1.00) (0.59) (0.91) (1.01) (1.02) (1.05)
6.9 43 0.16 1.08 1.59 7156 29.41

Open GoM (1.00) (1.00) (0.84) (0.98) (1.00) (1.01) (1.01)

CLM_RIV experiment

GoM basin 7.4 49 0.18 111 1.65 “1.62 2957
(0.93) (0.74) (0.58) (0.96) (1.05) (1.05) (1.11)

13.7 75 0.20 1.00 1.57 71,66 841

Northern GoM shelf (0.98) (0.34) (0.16) (0.60) (1.20) (1.23) 2.01)
. 11.8 143 0.20 1.04 1.74 “171 8.94

West Florida shelf (1.10) (1.34) (0.62) (0.93) (1.06) (1.08) (1.08)
Vucatan shelf 4.0 2.7 0.21 1.17 1.67 “157 29.87
(0.75) (1.17) (1.23) (1.07) (1.05) (1.04) (1.05)

11.8 41 0.16 1.14 1.79 176 29.98

Western GoM shelf (0.95) (0.40) (0.50) (0.97) (1.05) (1.05) (1.14)
6.2 3.7 0.17 1.13 1.64 71,60 29.78

Open GoM (0.89) (0.87) (0.89) (1.03) (1.03) (1.03) (1.05)

CLM_FORC experiment

GoM basin 0.1 0.6 0.04 1.06 1.61 “157 10.66
(0.01) (0.09) (0.13) 0.91) (1.03) (1.03) (1.23)

15 2.7 0.10 1.03 151 “1.61 29.90

Northern GoM shelf (0.11) (0.12) (0.08) (0.62) (1.15) (1.20) 2.37)
) 13 2.4 ~0.01 1.03 1.72 T1.67 710.68

West Florida shelf (0.12) (0.23) (-0.03) (0.91) (1.05) (1.05) (1.30)
Vucatan shelf 0.1 05 0.03 1.10 1.68 71,60 11.05
(-0.02) (0.22) 0.17) (1.00) (1.06) (1.06) (1.18)
02 28 0.03 1.12 1.69 163 BIRY;

Western GoM shelf (0.02) (0.27) (0.09) (0.96) (0.99) (0.98) (1.27)
03 03 0.03 1.07 1.59 155 10.69

Open GoM (-0.04) (0.07) (0.16) (0.97) (1.00) (1.00) (1.15)

Table S3. Simulated surface trends (1981-2014) for sea surface temperature (SST), sea
surface salinity (SSS), surface total alkalinity (sTA), surface dissolved inorganic carbon
(sDIC), partial pressure of CO, (pCO>), pH, and aragonite saturation state (Qar) derived from
the climatological experiments. The ratio between the climatological and hindcast trends
is reported in parenthesis.



X: SST SSS sTA sDIC

OpCO2/0X 12.9219 8.7166 —1.2253 1.5264
opH/oX —0.0150 —0.0130 0.0015 —0.0016
0Q/0X 0.0233 —0.0438 0.0112 —0.0106

Table S4. Partial derivatives of partial pressure of CO, (CO), pH, and aragonite saturation
state (Qar) for an average surface condition on the northern GoM shelf during 1981-2014:
sea surface temperature (SST) = 24.4°C; sea surface salinity (SSS) = 32.2; surface dissolved
inorganic carbon (sDIC) = 1,987 umol kg™'; surface total alkalinity (sTA) = 2,311umol kg™



trend H trend .
Region Period pCO2 ren1 p 3ren1 Qa 3tren?
(patm yr ) (107 yr) (107 yr)
Open ocean:
Present study Open GoM 1981-2014 1.59£0.02 -1.6£0.0 -93+0.1
Kealoha ef al. (2020 Ranging from
caloha et al. (2020) Open GoM 1996-2018 ~0.21+0.67to
1.70 £ 0.14
Offshore South
Xu et al. (2020 1981-2011 + ~-13+ 73+
uetal. ( ) Atlantic Bight 1.38 £ 0.04 1.3£0.5 73+1.1
Lauvset et al. (2015) Stratified Subtropical 1991-2011 144 £0.12 ~1.1402
North Atlantic 1981-2011 142 £0.12
Bates et al. (2014) BATS 1983-2014 1.69 £ 0.11 -1.7£0.1 -9.5+£0.7
Bates & Johnson
BAT 1983-2020 + -1.9+ 9+
(2020) S 1.92 £ 0.08 1.9+£0.1 9+ 1
Wanninkhof et al. Caribbean S 20022018 130 +0.03
(2019) aribbean Sea - . .
Gledhill et al. (2008) Caribbean Sea 1996-2006 -12+1
Coastal regions:
P ¢ stud Ranging from Ranging from Ranging from
resent stucy GoM shelves 1981-2014 1.31+0.07 to ~13+0.1 to ~42+0.6t0
1.70 £ 0.04 -1.7£0.0 -94+0.2
Kealoha ef al. (2020 Ranging from
caloha ct al. (2020) GoM shelves 1996-2018 0.08 % 1.66 to
3.20+1.47
Robbins et al. (2018) West Florida 1996-2016 4.37
South Atlantic
Xu et al. (2020 1981-2011 + ~-13+ 63+
uetal. ( ) Bight shelf 1.40 £ 0.09 1.3+£0.1 6.3+1.5
Mid Atlantic
1981-2011 + ~-1.9+ - +
Bight shelf 1.77 £ 0.07 1.9+£0.1 10.3£1.0

Table S5. Simulated trends and reported trend values for partial pressure of CO, (pCO),
pH, and aragonite saturation state (Qar) in open ocean and coastal regions from the north

Atlantic.



Datasets S1 to S7:

Datasets S1 to S7 contain the monthly outputs (January 1981 to December 2014) of sea
surface temperature, sea surface salinity, surface alkalinity, surface dissolved inorganic
carbon, surface partial pressure of CO,, surface pH, and surface aragonite saturation state
derived from the model hindcast experiment. Each file contains a 3-dimension array
(longitude, latitude, time). The horizontal model grid (longitude, latitude) is provided in
Dataset S29.

Variable Array name Units
Dataset S1 Sea surface temperature SST °C
Dataset S2 Sea surface salinity SSS Unitless
Dataset S3 Surface alkalinity ALK umol kg™
Dataset S4 Surface dissolved inorganic carbon DIC umol kg™
Dataset S5 Surface partial pressure of CO» PCO2 patm
Dataset S6 Surface pH pH Unitless
Dataset S7 Surface aragonite saturation state OMar Unitless

Datasets S8 to S14:

As Datasets S1-S7 but for the climatological river experiment.

Variable Array name Units
Dataset S8 Sea surface temperature SST °C
Dataset S9 Sea surface salinity SSS Unitless
Dataset S10 | Surface alkalinity ALK umol kg™
Dataset S11 Surface dissolved inorganic carbon DIC umol kg™t
Dataset S12 Surface partial pressure of CO» PCO2 patm
Dataset S13 Surface pH pH Unitless
Dataset S14 Surface aragonite saturation state OMar Unitless
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Datasets S15 to S21:

As Datasets S1-S7 but for the climatological MARS chemistry experiment.

Variable Array name Units
Dataset S15 | Sea surface temperature SST °C
Dataset S16 | Sea surface salinity SSS Unitless
Dataset S17 | Surface alkalinity ALK umol kg™
Dataset S18 | Surface dissolved inorganic carbon | DIC umol kg™t
Dataset S19 | Surface partial pressure of CO» PCO2 patm
Dataset S20 | Surface pH pH Unitless
Dataset S21 Surface aragonite saturation state | OMar Unitless
Datasets S22 to S28:
As Datasets S1-S7 but for the climatological forcing experiment.
Variable Array name Units
Dataset S22 | Sea surface temperature SST °C
Dataset S23 | Sea surface salinity SSS Unitless
Dataset S24 | Surface alkalinity ALK umol kg™
Dataset S25 | Surface dissolved inorganic carbon DIC umol kg™
Dataset S26 | Surface partial pressure of CO; PCO2 patm
Dataset S27 | Surface pH pH Unitless
Dataset S28 | Surface aragonite saturation state OMar Unitless

Dataset S29. Horizontal model grid (longitude, latitude)
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