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Key points:
1. Surface and bottom water rates of change differ for carbon NWA shelf variables.

2. The largest local anthropogenic carbon content is found in the southern MAB
shelf.

3. The largest DIC accumulation is in the Gulf of Maine due to coastal modification.

4. Under SSP5-8.5, trends accelerate, and modification continues.

5. Under SSP5-8.5, trends differ in surface and bottom waters.
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Abstract:

Increasing atmospheric carbon dioxide concentrations are accompanied by ocean
acidification, oxygen loss, and warming of the global ocean. However, in coastal
environments, local processes that occur on small spatial scales can moderate or
exacerbate these trends. These processes are not well represented in global climate
models. Therefore, downscaled tools are useful to decipher carbonate system
drivers and predict conditions. Here we describe the application of a ROMS
based regional model of the northwest Atlantic shelf, stretching from Florida to
Newfoundland, with ~7 km horizontal resolution. The biogeochemical model
relies on the Carbon, Ocean Biogeochemistry and Lower Trophics (COBALT)
model in combination with regional empirical models to reconstruct the carbon
variables. Using a 30-year historical simulation, model results are evaluated
against in situ observations and then used to estimate anthropogenic carbon
inventories for the region. Historical trends differ between surface and bottom
conditions with bottom trends identified as more severe. Circulation and changes
in the water column metabolism amplify local rates of change historically, while
warming and water mass changes act to dampen these changes. Regional
locations of accelerated carbon storage and accumulation are identified and
described to be modified by coastal processes. A time-varying dynamic delta
forced future projection out to 2098 under SSP5-8.5 projects how these trends will
continue and indicates future acceleration of trends. Observing compound
change, or multiple stressors changing in concert or closely, requires not only
over-constraint on the carbon cycle parameters, but also multiple co-existing
biogeochemical observations to refine the mechanisms responsible for local

climate variability.
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Introduction:

Over recent decades, the combination of fossil fuel emissions, deforestation, and cement
production have imparted large physical and biogeochemical modifications on the
world’s oceans [Le Quéré et al. 2018; Gattuso et al. 2015]. The global average patterns of
the oceans have gotten warmer and salinity distributions have been altered with
density structures and stratification patterns modified [Talley et al. 2016].
Biogeochemical alterations are also occurring, including oxygen declines, changes in
productivity, and increased dissolved inorganic carbon content due to uptake of
anthropogenic carbon dioxide — which alters the pH and mineral saturation state (Q) of
calcium carbonate through a process called ocean acidification (OA) [Doney 2010; Bopp
et al. 2013]. This compound change- that is, multiple stressors changing in concert or
closely - is happening at different rates and magnitudes across the globe including

coastal waters.

In coastal waters, local processes are further modifying the compound change and
causing it to occur at different rates than observed globally [Gledhill et al. 2015;
Siedlecki et al. 2021a, 2021b]. Most coastal areas have experienced significant increases
in sea surface temperature (SST) at an overall rate of 0.25°C per decade from 1982 to
2010 [Lima and Wethey 2012], which exceeds the global average SST trend of ~0.095°C
per decade from 1979-2012 [Hartmann et al. 2013]. In the Northwest Atlantic, high-
resolution projections under doubling of CO, warmed nearly twice as fast as the coarse
resolution global simulation for the same region [Saba et al. 2016]. Two high-resolution
downscaled projections under RCP8.5 forced by 4 different global climate models were
compared out to 2050 [Brickman et al. 2021]. They found that the SST rates of warming
exceeded the observed 100-year rate of warming for all the ensemble members. Three of
the four global models predicted freshening of surface waters, and stratification
increased in all simulations [Brickman et al. 2021]. All these studies attributed the
increased rate of warming on the shelf relative to the basin to shifts in circulation
and/or atmospheric changes altering warming patterns [Saba et al. 2016; Alexander et
al. 2020; Brickman et al. 2021].
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Atmospheric carbon dioxide has increased at a rate of 2-3 ppm per year [Le Quéré et al.
2018], and surface waters in the open ocean have mostly followed this long-term trend,
effectively keeping up with the rising atmospheric concentrations. Previously, the
partial pressure of carbon dioxide (pCO,) in coastal shelf waters has been shown to lag
the rise in atmospheric CO,, unlike the open ocean [Laruelle et al. 2018]. However,
some regions amplified the global uptake, while others did not keep up with the
atmosphere or dampened the global signal. For example, over the past 15 years, waters
in the Gulf of Maine (GOM) have taken up CO,; at a rate significantly slower than that
observed in the open oceans due to a combination of the extreme warming experienced
in the region and an increased presence of well-buffered Gulf Stream water [Salisbury
and Jonsson 2018]. The reduced uptake of CO, by the shelves also alters local

acidification rates, causing them to diverge from the global rates.

Several high resolution simulations were used to project OA conditions to 2050
[Siedlecki et al., 2021]. By 2050 under the RCP 8.5 projected climate scenario, saturation
states of aragonite (Q),) declined everywhere in the GOM and the region experience
conditions below the critical €2, threshold of 1.5 for most of the year by 2050 [Siedlecki
et al., 2021]. Despite these declines, Siedlecki et al. (2021) determined the projected
warming in the GOM imparts a partial compensatory effect to Q2, by elevating
saturation states considerably above what would result from acidification alone,

pointing to the need for a more comprehensive view of changing ocean conditions.

In addition to regional warming altering OA rates, changes in water masses and
circulation patterns [Gongalves Neto et al., 2023; Jutras et al., 2023; Townsend et al., 2023;
Balch et al., 2022; Gongalves Neto et al., 2021; Claret et al., 2018; Mills et al., 2013; Pershing et
al., 2015] also locally modify OA rates. Water mass influences were critical to the recent
analysis of Li et al. (2024) who identified regional rates of anthropogenic carbon
accumulation on the U.S. East Coast using observations. Their analysis revealed the
slope waters have the highest accumulation rate in the region and identified the shelf as
a critical region of export of anthropogenic carbon to the open ocean. This process of
export would reduce the stress locally of additional carbon storage helping to alleviate

some of the stress of OA.
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The intrusion of anthropogenic CO; is not the only mechanism that can reduce (2,
within coastal surface waters. Local processes like freshwater delivery, eutrophication,
water column metabolism, and sediment interactions can also modify regional
variability in Q,[Cai et al., 2011; Siedlecki et al., 2017; Qi et al., 2017; Pilcher et al., 2018;
Feely et al., 2008; 2018; Siedlecki et al., 2021a,b]. Global projections cannot resolve these
local processes with resolution of a degree or more. High-resolution global projections
have been developed which perform well in some coastal settings with physical
variables only [Saba et al., 2016] and with biogeochemistry [Ross et al., 2023]. However,
these projections simplify regional biogeochemical processes described above which

can amplify or dampen these global changes, particularly in coastal shelf regions.

Understanding and projecting changes on decadal-centennial timescales is critical for
regional fisheries. The time scale of regulations, business decisions, and investments for
regional fisheries tends to occur at decadal scales: e.g., vessel or infrastructure built up
in response to an emerging or recovering fishery [Fryxell et al., 2010; Steele 1998;
Tomassi et al., 2017]. Organismal thresholds in pH or Q will likely be exceeded by 2050
in the GOM in subsurface environments, but more certainly by the end of the century
based on projections using CMIP5 global models under the most aggressive emissions
scenario [Rheuban et al., 2018; Siedlecki et al., 2021]. To address these issues, in this
study, we forced an existing regional model with the most recent simulations
performed in the framework of the Coupled Model Intercomparison Project 6 [CMIP6,
Stockhause et al., 2021]. In doing so, we assessed how these modified ocean fields
continue to evolve over the course of the 21st century. Regionally downscaled climate
projections of multiple climate-associated stressors (temperature, oxygen, pH, (3, and
pCQO,) are produced to simulate both the past 30 years and provide continuous 100-year
projections for the U.S. East Coast under the SSP5-8.5 emission scenario [Kriegler et al.,
2017]. We present our findings of compound change with a focus on the important
benthic regions hosting the US and Canadian scallop fisheries as this region has been
previously identified as vulnerable [Hare et al., 2016]. In addition we generated
inventories of anthropogenic carbon spatially and will explore how the spatial gradient
in the uptake of carbon locally influences trends in carbon variables both historically

and into the future.
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Background oceanography and projections in the region:

The coastal ocean off the east coast of the US is home to valuable fisheries, a significant
proportion harvesting calcifying organisms [Cooley and Doney, 2009]. The eastern U.S.
continental shelf is comprised of three major subregions. To the north is the GOM,
which extends from the Scotian shelf to Cape Cod. The GOM receives significant
freshwater input from the local rivers and relatively fresh and cold water from the
Labrador Current, a southward-flowing buoyancy-driven coastal current originating on
the coast of Greenland [Townsend et al., 2004; 2015]. The Labrador Current’s water
enters through the Northeast Channel where it continues in a counterclockwise
circulation path and has demonstrated significant variability on decadal time scales
[Townsend et al., 2004; 2015].

To the south of Cape Cod is the Mid-Atlantic Bight (MAB), which extends to Cape
Hatteras. Its shelf and slope waters maintain a salinity below 34 as a result of significant
freshwater contributions [Townsend et al., 2004]. Exchange with the slope water is
modulated by the existence of a persistent shelf break front, which can be punctuated
by meanders and intrusions of warm, salty water from the northward-flowing Gulf
Stream, as Figure 1 shows [Joyce et al., 1992; Chen et al., 2014; Zhang and Gawarkiewicz
2015, Townsend et al., 2004]. Beneath the thermocline in the summer, the cold winter
water is trapped subsurface and is known as the “Cold Pool” [Houghton et al., 1982;
Loder et al., 1998]. Results from historical simulations using the same NWA-ROMS
model used in this study, suggest that the Cold Pool originates not only from local
remnants of winter water near the Nantucket Shoals, but has an upstream source
transported in the springtime from Georges Bank along the 80-m isobath [Chen et al.,
2018]. Ocean temperature variability on the northeast US (NEUS) continental shelf has
been linked to large-scale ocean circulation from the Gulf Stream [Nye et al., 2011], with
advection from the Labrador Sea also having major impacts on the downstream
temperatures [Chapman and Beardsley 1989; Rossby and Benway 2000; Shearman and
Lentz 2010; Xu et al., 2015].
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Observations in combination with results from a high-resolution global climate
simulation identify a long-term decline in oxygen concentrations and attribute this to a
retreat of the Labrador Current associated with the slowdown of the Atlantic
Meridional Overturning Circulation (AMOC) [Claret et al., 2018]. Nguyen et al. (in
revision) used observations below the regional mixed layer to determine the rate of
oxygen decline over the shelf and identified Apparent Oxygen Utilization (AOU) as the
dominant driver of the decline. The changes in AOU could be driven by local changes

in water column metabolism or by circulation shifts in the region.

Methods:

Historical run description: The physical ocean circulation model used for this study is the
Regional Ocean Modeling System (ROMS), with horizontal curvilinear and vertical
terrain-following sigma coordinates [Shchepetkin and McWilliams 2005]. The model
domain covers the entire Northwest Atlantic NWA), including the NEUS shelf, slope,
and the major path of the Gulf Stream [Kang and Curchitser, 2013; Zhang et al., 2018;
Chen et al., 2018]. The grid is configured with horizontal spacing of ~7 km and 40
vertical terrain-following levels stretched toward the surface, with the highest
resolution of 0.24 m near surface and the lowest resolution of 250 m at depth offshore.
The biogeochemical module called the Carbon, Ocean Biogeochemistry and Lower
Trophics (COBALT) model [Stock et al., 2014] developed by NOAA GFDL has been
incorporated into ROMS and used to evaluate the lower trophic level and nitrogen
budgets for the NWA region [Zhang et al., 2018; Zhang et al., 2019]. The model has been
shown to skillfully simulate variability in water masses entering GOM in terms of T and
S and to skillfully represent variability in chlorophyll [Chen et al., 2018; Zhang et al.,
2019]. The historical simulation was forced by atmospheric reanalysis, so comparisons

with observations direction can be performed and the skill evaluated directly.

Because the COBALT generated DIC, Alk was not skillful (not shown), we then applied
empirical models, specifically a Multiple Linear Regression (MLR) of the carbonate
system parameter based on hydrographic variables (T, S, and O,, equation V- see
McGarry et al., 2021), and added observed anthropogenic carbon trends from the North
Atlantic as described in Siedlecki et al. (2021b). The results described in Siedlecki et al.
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(2021b) showcased how well this approach represented the seasonal cycle of surface
aragonite saturation state in the GOM and the results here are evaluated more below. In
addition, the results compared well with the Canadian team projections using a coupled
dynamic carbon model. We found the total alkalinity (TA) estimates from McGarry et
al. (2021) performed better within the region, so we only used those. Finally, as an
alternative to McGarry, we also experimented with Empirical Seawater Property
Estimation Routines-Neural Networks (ESPER-NN) equation 7 [Carter et al., 2021],
which includes estimates of anthropogenic carbon over time. Dissolved inorganic
carbon (DIC) was calculated with equation VII which uses T, S, and O, to estimate
dissolved inorganic carbon. The code requires in situ temperatures as inputs then
ROMS potential temperature fields were converted with the Gibbs-SeaWater
Oceanographic toolbox for MATLAB, version 3.06.12 [McDougall and Barker, 2011]. By
passing the time variable to the calculations, ESPER estimates the anthropogenic carbon
added to the ocean and compared with recent observation-based estimates for the
region (Li et al. 2024). Similar to the prior MLR application described in Siedlecki et al.
(2021Db), the carbon equilibrates with the MLD using the simulated surface temperatures
and salinities in addition to the empirical model additions. Anthropogenic carbon
inventories are estimated by accumulating the volume-weighted sum of the ESPER-
derived value over the shelf through the end of 2014, where the historical simulation

ends.

Apparent Oxygen Utilization (AOU) is calculated as the difference between oxygen
solubility and the in situ oxygen concentration:

AOU = Oy 5ompitity — O2,in situ (1)
AOU reflects the cumulative effect of water column metabolism and the pre-formed O,
concentration of the source waters, as AOU changes with changing circulation and
residence times as well [Ito et al., 2017]. Positive AOU is interpreted as oxygen is
consumed or depleted due to increased consumption of organic material, decreased
mixing, and/or circulation changes with more influence from water masses with higher

AOU. Organic matter consumption also generates DIC and reduces TA.

Future forcing generation: Time varying projections driven by CMIP6 model output
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While CMIP6 shares many features with previous intercomparison projects, it is
redesigned using a new more structured system (see Eyring et al., 2016). Here we use a
climate model driven by the SSP5-8.5, which is similar but not identical to the RCP8.5
scenario in CMIP5. While the SSP5-8.5 scenario is considered a “no policy” scenario
and exceeds currently emission reductions planned with current global policies, it is
unlikely to occur (Hausfather & Peters, 2020) but not impossible (Christensen et al. 2018;
Sarofim et al. 2024). Here we chose to employ this notably high-end scenario to explore
if ocean acidification thresholds could be surpassed for the region if at all, as this was a
question raised by the community when we started this work. As scenario uncertainty
collapses prior to 2050 and natural variability dominates before then (Hawkins and
Sutton, 2009; Deser et al. 2012; 2014), this extreme scenario choice is most influential for

the projection period beyond 2050.

We examined the set of the global earth system model simulations in CMIP6 using
SSP5-8.5 and chose the GFDL ESM4 model, which has a relatively high atmospheric
resolution (~1° lat x 1° lon) and well-developed ocean physical and biogeochemical
components. The GFDL ESM4 also uses COBALT, enabling a more seamless passing of
ocean conditions at the ROMS boundary.

To retain both the mean climate and high-frequency variability from observations, a
method was employed that removes the mean bias and retains realistic unforced
climate variability over a range of time scales. Following Pozo-Buil et al. (2021) we use a
“time-varying delta” method based on output from the GFDL ESM4 simulation
combined with values obtained from renalyses. The "deltas" are time varying using 3

hourly data from the atmosphere using the following equation:

ATM' (1980-2100) = REAN_CLIM + DELTA (2)

where REAN_CLIM was generated from the Japanese 55-year Reanalysis based surface
dataset for driving ocean-sea ice models (JRA55-do) forcing files from 1980-2014

[Tsujino et al, 2018], which was used to generate the historical simulation [Zhang et al.,

10
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2019]. Because JRA55-do is a surface dataset for driving ocean-sea ice models, it has
NAN values over land regions and values only over the ocean. The atmospheric
REAN_CLIM was interpolated to the DELTA grid and “not a number” or NANs in the

air temperature (Tair) and humidity (Qair) DELTAs were replaced using extrapolation.

The daily mean historical annual cycle (4 harmonics) + daily averaged delta for rain,
shortwave, and longwave radiation deltas were smoothed to a daily resolution
atmospheric forcing. The atmospheric forcing files (for all variables) was computed as
the smoothed time series plus the delta. Atmospheric CO, forcing was calculated using
the monthly average from the forcing file used in the historical simulation, and then

adding the respective Delta from SSP5-8.5 for each year.

The dynamic time-varying delta ocean forcing was generated using monthly data
for the ocean climatology forcing and boundary conditions using the following

equation:

OCN' (1980-2100) = REAN_CLIM + DELTA (3)

Where the REAN_CLIMs for the ocean were generated using the SODA3 ocean
reanalysis as described in Zhang et al. (2019). The ocean REAN_CLIMs were
interpolated to the ROMS 3D coordinates. All DELTAs were interpolated to the
ROMS grid and NANSs in the DELTA files were replaced via interpolation using
nearest. The forcing is computed in this manner, rather than using the original
fields from the earth system models, to remove the mean bias in the latter (e.g., the

NE US coast tends to be too warm in most climate & earth system models).

The physical and biogeochemical values have been applied to ROMS-COBALT in the
forcing at the surface and side boundaries directly from GFDL’s ESM4 output for
Nitrate, Silica, and Oxygen. Phosphate and other variables utilized the same forcing as
in the historical which was the WOA climatological condition [Zhang et al., 2018].
Because the historical simulation used the climatological conditions that were
disconnected from the other water properties, we could not use the same delta

approach as we had done with other variables. The carbon variables were

11
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reconstructed after the run was completed using statistical empirical relationships as

described in the historical section above.

The surface fields include winds, air temperature, humidity, and CO,, while the ocean
tields include temperature, salinity, currents, alkalinity, DIC, nitrate, oxygen, and
silicate, where the biogeochemical fields are required to be greater than zero and the
biological fields adjust rapidly to the imposed forcing. Freshwater flux into the ocean
from major rivers is applied at the locations identified in the Dai et al. (2009) database
using the historical forcing described in Zhang et al. (2019). We assume the flux of

freshwater remains constant in the future simulations.

Observations used for oxygen and carbon variable evaluation:

Oxygen observations from the World Ocean Database (WOD18; Boyer et al. 2018) were
collated for evaluation with model fields from 1980 to 2014. WOD18 observations
include bottle samples (Ocean station data, OSD), as well as CTD sensors. In addition, a
mooring (A1) from the Gulf of Maine in 51 meters of water depth spanning 2002 to

2014, was also utilized for model evaluation.

Although the US East Coast and Gulf of Mexico are some of the best studied ocean
regions in the world [Townsend et al., 2004], measurements of carbonate system
parameters are sporadic, but were recently compiled in a data curation, CODAP-NA
[Jiang et al., 2021]. The Gulf of Mexico and East Coast Carbon (GOMCC) cruises
measured DIC, TA, and pH in July-August 2007, 2012, and 2017 [Wang 2013,
Wanninkhof, 2015]. The East Coast Ocean Acidification Cruise (ECOA) measured these
parameters in June-July 2015 [Xu et al., 2017], again in 2018, and in 2022. Carbonate
parameters, analyzed at AOML, are also taken on surveys (ECOMON) conducted by
NOAA NEFSC over the continental shelf from Cape Hatteras, NC to Cape Sable, NS.
Canadian data from the Atlantic Zone Monitoring Program (AZMP) includes carbonate
parameters from the Gulf of St Lawrence, Quebec, Maritimes, Newfoundland and
Labrador which are critical for understanding the slope water formation influencing
our region. Additionally, ten brief cruises each lasting 1-2 days were conducted on the

RV Tioga between 2013-2015, covering only the Wilkinson Basin region in the

12
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southwestern GOM [Wang et al., 2017]. DOE OMP cruise EN279 data from March 1996

[Huang et al., 2021] was also used for reference.

Model skill evaluation

Because the simulation has been used previously, we rely on those prior efforts to
evaluate the lower trophic level and nitrogen budgets for the NWA region [Zhang
et al., 2018; Chen et al., 2018; Zhang et al., 2019]. We focus on evaluation of oxygen
from COBALT and carbon variables from the empirical relationships in this paper.
Three metrics are used to evaluate model skill: the Pearson correlation coefficient
(R-values), normalized root mean squared error (NRMSE), and the normalized
bias (NB) with a range characterizing the performance as “Excellent,”
“Reasonable,” and “Poor” following the definitions found in Allen et al. (2007)
and Kessouri et al. (2021). As the r-values approach 1, the phasing between the
two temporal signals is in agreement; note however that this metric alone does not
indicate the correspondence between the magnitudes of the two signals. The SD is
influenced by both the phasing of the series and how well the hindcast variability
compares with the observed variability. The NRMSE here represents the RMSE
normalized by the standard deviation of the observations. If the model and
observations are close to each other, the RMSE will be small, and consequently the
standard deviation will be close to 1 and values then are categorized as: <0.2
excellent; 0.2-0.4 reasonable; and > 0.40 poor. The NB (model bias normalized by
the data) quantifies the apparent bias in the model and values are categorized as:
<0.2 excellent; 0.2-0.4 reasonable; and > 0.40 poor [Maréchal, 2004].

Statistic Excellent | Reasonable | Poor
Pearson correlation coefficient 1-0.8 0.8-0.5 <0.5
NRMSE <=10.2 10.2-0.41 >10.41
Normalized Bias (Marechal, <=10.21 | 10.2-0.41 >10.41
2004)

Table 1: Statistical ranges defining our descriptions of model performance modeled following the approach

described in Kessouri et al. (2021).

13
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390  Trend analysis:

391

392  The linear trends presented here were obtained by calculating the linear least-
393 squares regression at each single grid cell from yearly averaged time series:

394 historical as 1980-2014 and future as 2015-2098. This results in the generation of
395  two-dimensional arrays of trends (rates of change) for bottom and surface, as well
396  as depth-integrated volume-weighted fields.

397

398  Attribution analysis:

399  To identify the drivers of historical change to the change in DIC content in the
400  historical simulation, we utilized the empirical carbon model capabilities. The
401  depth-integrated DIC trend was separated into the anthropogenic carbon

402  contribution, the thermal contribution, and the salinity contribution. The

403  anthropogenic carbon contribution isolated the year term in the ESPER-NN

404  equation and allowed the atmospheric CO, concentrations to be in equilibrium
405  with surface waters down to the mixed layer depth. The thermal contribution was
406  isolated by comparing the base simulation with a simulation performed using
407  only the temperature from the first decade repeated over 3 decades. The first
408  decade of temperatures is cycled through the entire time series and then

409  differenced with the historically reconstructed DIC trend. Similarly, the salinity
410  contribution was isolated by comparing the base simulation with a simulation
411  performed using only the salinity from the first decade repeated over 3 decades.
412 The first decade of salinity is cycled through the entire time series and then

413 differenced with the historically reconstructed DIC trend.

414

415 Results:

416

417  Model Evaluation
418

419  Oxygen: Overall, the spatial variation in time of bottom oxygen conditions on the NWA
420  shelf are reasonably well simulated. Oxygen changes spatially compare reasonably well
421  with r-values falling into the reasonable category (r=0.57; Figure S1-S3), the phasing of
422 the temporal variation in is reasonably well simulated as diagnosed by NRMSE (0.24),

14
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oxygen was biased low on average but excellent (NB = 0.20) over most of the domain
pictured in Figure 1. When compared against the trend from WOD in the 50-100 m
depth bin reported in Nguyen et al. (in review), the modeled oxygen is biased high
(Figure S4). The source of this bias appears to be mostly the AOU contribution as that is
biased low over most of the domain (Figure S5, NB =0.49). Although the established
temperature bias [du Pontavice et al., 2023, Chang et al., 2021, Chen and Curchitser,
2020] contributes to the overall bias as well, solubility is much better simulated than
AOQOU trends (Figure S5-S6). Despite these biases, the trend is reasonably well (r= 0.57)
simulated over the course of the simulation in the subsurface outer shelf region (50-100
m; Figure S4). Given our approach, we expect these biases to impact DIC and TA and

discuss the specifics of that in the section evaluating those variables below.

Variable Correlation NRMSE Normalized Bias (NB)
Coefficient (CC, r)

Oxygen WOD 0.57 0.24 0.20
AOU WOD 0.55 0.53 0.49
DICyir 0.91 0.01 0.01
T Ayir 0.89 0.02 0.01
arag-MLR 0.83 0.2 0.16
() calcite- MLR 0.83 0.19 0.15
PCO2mir 0.56 0.15 0.12
PCO,.mr Mooring 0.56 0.18 0.16
DICkEsper 0.91 0.01 0.01
T Arsper 0.89 0.02 0.01
Qarag-ESPER 0.83 0.2 0.16
Ccalcite-ESPER 0.83 0.19 0.15
PCOx2sper 0.58 0.15 0.12
PCO;.esper MoOOTING 0.11 0.25 0.2

Table 2: Summary of the three model evaluation statistical metrics of performance used in this work for
all the carbon and oxygen variables explored in the results. Results for both the MLR from McGarry et al
(2021) and ESPER-NN [Carter et al. 2021] based approaches to reconstructing carbon variables are

showcased. Excellent values are bold, while reasonable are italicized and poor are unformatted.

Carbon variables
Overall, the spatial variation in time of dissolved inorganic carbon (DIC) conditions on
the NWA shelf are excellent over the period of the observations (2007-2014). DIC

changes spatially compare well with r-values falling into the excellent category for both
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the MLR and the ESPER based approaches (r=0.91; Table 2), and the phasing of the
spatial variation in time well simulated as diagnosed by NRMSE (0.01 for both, Table 2).
In general, DIC is biased slightly high in the simulation (Figures 54 and S5; 6 umol/kg),
but still its performance falls into the excellent range for NB (0.01, Table 2). When
compared with observations from 1996 (Figure S16), the simulated model skill remains

excellent. Despite the AOU bias in the simulation, DIC appears to be well simulated.

Similar to DIC, TA’s performance over space and time also falls into the excellent
category in general. TA spatial and temporal variation compare well with R-values
falling into the excellent category (r=0.83-0.89) for both the MLR and ESPER based
approaches, and the phasing of the spatial variable was well simulated as diagnosed by
NRMSE (0.01, Table 2). TA is biased slightly high in the simulation (Figures S6, S7;
Table 2), but its performance still falls into the excellent range for NB (0.01, Table 2).

Saturation state (Q) for calcite and aragonite both perform similarly, also falling into the
excellent category. Q changes spatially compare well with r-values falling into the
excellent category (r=0.83, Table 2) and performing similarly between the MLR and
ESPER approaches. The phasing of the signal spatially and in time was also well
simulated (excellent) as diagnosed by NRMSE (0.2, Table 2). Q is biased low in the
simulation (NB =0.15-0.16, Table 2; Figure S8-11) The increase in bias is likely due to the

bias in temperature already established in the simulation.

pCO, performs reasonably in the simulation with the weakest statistics overall. The
spatial and temporal variation compares reasonably well with r-values falling into the
reasonable category (r=0.58, Table 2, Figure 512, S13) for both ESPER and MLR based
approaches. The phasing of the signal as well simulated in space and time as diagnosed
by NRMSE. pCO, is biased slightly high with a NB of 0.12-0.2 (Table 2) falling into the
excellent category. Despite this weakness, the simulation seems to perform reasonably
for this variable, giving us confidence to move forward with the projections and further

analysis of the results.

Annual climatology
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475
476  Figure 1: Climatological maps (1981 to 2014) of simulated surface and bottom conditions on the

477  NWA shelf within the model domain. (a) DIC (umol/kg), (b) TA (umol/kg), (c) oxygen

17



478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508

Preprint, submitted to Progress in Oceanography

(umol/kg) (d) pCO, (uatm), (€) Quag, (f) Quacire-, (§) temperature (deg C), (h) salinity (psu), and
(i) pH on the total scale.

Bottom DIC concentrations vary from 1900 to 2300 pmol/kg over the region on average
(Figure 1a). The deeper locations house more carbon with the GOM and Gulf of Saint
Lawrence containing the highest concentrations of DIC. The difference between the
most recent decade simulated (2001-2010) and the earliest decade simulated (1981-1990)
identifies regions where the DIC has changed the most. These include the deep
Wilkinson Basin in the GOM, the outer shelf, and the region south of the Hudson River

outflow off the coast of New Jersey.

TA ranges from 2050 to nearly 2300 umol/kg and is lower at the surface than at the
bottom (Figure 1b). Offshore waters tend to be highest in TA, consequently the deep
Wilkinson Basin and the outer shelf experience the highest TA at the bottom. The lowest
TA occurs at the surface and in the northern edges of the domain. Notably, TA increases

further south in the domain on the shelf.

Bottom oxygen concentrations vary from 100 to 350 umol/kg on average (Figure 1c).
The lowest concentrations are found in the deepest locations (e.g., Wilkinson basin,
Scotian Shelf, and on the outer shelf of the MAB). The highest values are found in the
further north regions of the domain in the shallow shelves within the Gulf of St.
Lawrence and off the coast of Newfoundland. Bottom oxygen decreases the most over
the multidecadal simulation in the Wilkinson Basin within the GOM, within the most

interior portion of the Gulf of St. Lawrence, and off the coast of New Jersey.

AOQOU averaged annually over the 34-year historical simulation and then integrated over
depth clearly highlights the recirculation occurring inside the GOM. AOU values
exceed 65 umol/kg in that region (Figure 2). The lowest AOU values occur in the
southern portion of the MAB, and on Georges Bank. The Cold Pool region of the New
York Bight is relatively higher than the surrounding shelf.

18



509
510

511
512
513
514
515
516
517
518
519
520
521
522
523

Preprint, submitted to Progress in Oceanography

Depth int. AOU | 1981-2014
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Figure 2: Climatological map (1981 to 2014) of depth integrated AOU for the NWA shelf region.

Bottom pCO, values range from 350 to 650 patm on average with the highest values in
the Wilkinson Basin in the GOM and inside the Gulf of St. Lawrence estuaries (Figure
1d). The lowest values can be found on the Georges Bank and some of the shallower

shelves.

Bottom Q is lowest in the deepest regions of the GOM, Scotian Shelf, and within the
Gulf of St. Lawrence, with bottom values nearing saturation or becoming
undersaturated (Figure le, 1f). The latitudinal gradient is also strong with the highest
values in the southernmost region of the domain. Notably the outer shelf of the MAB as
well as the rim of Georges Bank house the highest Q). The saturation state was highest in
the 1980s and lowest in the most recent time indicating a decline over the 34 years

simulated with the MAB experiencing the greatest overall change. These results are the
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same for aragonite and calcite, but the magnitude differs in the change with the mineral

saturation state.

The warmest waters are found at the surface in the MAB and the bottom waters in the
southern regions of the MAB. The saltiest waters are found on the outer shelf and in the
deep Wilkinson Basin in the GOM.

Bottom pH ranges from 7.8 to 8.1 in the region with the lowest values found in the
Wilkinson Basin in the GOM and in the inner estuaries of the Gulf of St. Lawrence
(Figure 1i). Some regions of the Scotian shelf also experience lower values. Bottom pH is
highest in the 1980s and lowest in the early 2000s indicating a decline over this interval
— in contrast to what is happening at the surface. The largest decline in pH occurs in the

southern MAB region off the coast of New Jersey and Virginia.

Time rate of change- historical

Simulated salinity declined in both the surface and the subsurface over the period of the
historical simulation (1981-2014, Figure 3g). A portion of this period has been observed
to experience low salinities in the Gulf of Maine (2005-2010; Balch et al., 2022). On the
Scotian shelf, the freshening trend was observed there historically (from 1975, Lehmann
et al. 2023). Subsurface trends from observations switch to becoming saltier in 2010,
while surface waters continue to freshen in the region [Lehmann et al. 2023]. The largest
rates of simulated decline occurred in the southern portion of the MAB, where

observations and trends of salinity have largely been unevaluated in the literature.

Temperature largely increases over much of the domain, except for the southern MAB
region and deep Wilkinson Basin, which experiences some minor cooling. These
patterns are sensitive to when the trends are calculated and, in this region, and notably
most of the observed warming occurred near the end and after our simulation period
(post 2008). This simulation has an established temperature bias [du Pontavice et al.,
2023, Chang et al., 2021, Chen and Curchitser, 2020] which likely impacts the rest of this

work as well.
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Bottom oxygen concentrations decline over much of the region over the historical
simulation period (Figure 3c). The region with the largest decline includes the regions
closer to the coast inside the Gulf of St. Lawrence, Wilkinson Basin in the GOM, the
northern portion of the Scotian shelf, and the New York Bight region.

|
7 10 45 80

) e memm—"
7 =16 0 16 [e
-J pCO: [patm-decade?]

0: [umol-kg-'-decade"]

- =12 ] 12
TALK [pmal-kg-'-decade-']

AL — e | — /a
JF -0.2 -0.1 0.0 { -0.7 0.0 0.7 - =025 0.00 0.25 N/ / —0.160 -0.105
[Q aragonite-decade~] 4 Temperature [‘C-decade'] Salinity [psu-decade"] & [pH-decade]

A)

Figure 3: Maps of trends over 1981 to 2014 of surface and bottom conditions on the NWA shelf
within the model domain. (a) DIC, (umol/kg), (b) TA (umol/kg), (c) oxygen (umol/kg) (d) pCO,
(uatm), (e) Quag, (f) temperature (deg C), (g), salinity (psu), (h) pH on the total scale.

DIC is increasing more at depth (bottom) than at the surface with the largest rate of
increase (18 umol/kg/decade) occurring in the Wilkinson Basin, off the coast of New
Jersey in the New York Bight, and along the outer shelf of the MAB. Meanwhile, TA is
largely decreasing over much of the region with the largest declines occurring in the
southern MAB. In Wilkinson Basin, however, TA is increasing at the bottom. Notably,
the increases in DIC alongside declines in TA both have adverse effects on Q, pH, and
pCO..
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pCO,; increases over the entire region with the largest increases occurring at the bottom.
The largest increases occur in the Wilkinson Basin and off the coast of New Jersey

around the Hudson River in the New York Bight region (Figure 3d).

Q) declines over the entire region over this period with the largest declines happening at
the bottom and in the southern portion of the domain at the surface (-0.2 units per
decade). Bottom rates of decline are faster than the rates of decline at the surface,
however the spatial patterns are similar. The GOM experiences the slowest decline in

the area, but the climatological average of Q is lowest in the north as well (Figure le-f).

At the A1 mooring in the GOM off the coast of New Hampshire, Q is declining at a rate
of -0.02 per decade (observed Trend, Figure 4) but the rate is not significant likely due to
the high variability in the region. This rate, however, is similar to the rate observed for
the N. Atlantic basin (-0.03 to -0.05 per decade; Jiang et al., 2015). This rate is also similar
in magnitude but trending in a different direction than observations made at the surface
from Buoy D in the GOM for 10 years (0.0152 + 0.003 from 2004 to 2015, Salisbury and
Jonsson 2018). However, the simulated trend is significant, and larger than the
observed by a factor of 3 or so and is larger than that of the basin (Figure 4). Near the
end of the observation from Al, there are data gaps (2011 to 2013) that coincide with
lower Q) simulated in the simulation. These gaps are likely contributing to the
differences between the simulated and observed trends. When the observed data set is
stopped at 2011, before the gaps in the record but still 10 years of observations, the
simulated and observed trends agree. As a result, with confidence in the simulated
trends, we conclude that the subsurface decadal trends (0.1 per decade) exceed the
basin-wide trends in the region (-0.03 to -0.05 per decade; Jiang et al., 2015). The record

hovers around 1.5, which is a known threshold for organisms in the region
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Figure 4: Reconstructed near-bottom trends of (4., observed and modeled at mooring Al in the
GOM located 15 m above the bottom for the entire record (top) and solely the first decade of the
record prior to the data gaps that begin in 2011 (bottom). The (2., was reconstructed using
ESPER-NN and the observed temperature, salinity, and oxygen time series from this subsurface
mooring location. The observed time series was time-averaged monthly and annually as was the
simulated ROMS output. The annual time series was fitted with a trend line and the resulting
slope and trend are reported. Statistics identify a declining trend is observed (not significant)
and simulated (significantly, p<0.05) in the region. The p-value is used to identify significance,
the slope indicates the [yr difference using annually averaged input, while the trend quantifies
the change over the entire time series (12 years). Notably, the simulated trend is larger than the

observed by about a factor of 3.
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Bottom pH is declining over the multi-decadal simulation over most of the domain
except for the deep Gulf of St. Lawrence where a small area increases. The largest
decline occurs in the southern MAB where pH declines by as much as 0.08 over 3
decades (Figure 3h).

Experiments with the observing strategy in the region (not shown) identify that the
simulated observed change is best captured by increasing the frequency of monitoring
in the region to annual summer cruises with the same sampling plan otherwise it’s

biased, especially in the GOM.
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Figure 5: Maps of total change from 1981 to 2014 of depth integrated conditions on the NWA
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Anthropogenic carbon inventory and historical compound change
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The anthropogenic carbon inventory in 2014 relative to 1993 (Fig. 5B) varies spatially
over the model domain with the highest inventory (34 umol/kg) found in the regions
closer to the coast in the MAB. The deeper and northern regions of the domain have
lower inventories (~20-25 umol/kg). The total DIC change over the realistically forced
historical simulation (42 umol/kg) is larger than anthropogenic carbon change (24
umol/kg) in Wilkinson Basin, in particular (Figure 5 a-c). The change in the biological
pump or the circulation changes in the region altering dominant water masses as
identified by AOU, is amplifying the trajectory of the carbon variables in this region in
some regions more than others (Figure 5e). The AOU change accounts for part of that
difference (~20 pmol/kg C expected, Figure 5e) in the GOM. Other regions, like the
MAB, the total DIC change is less than the anthropogenic carbon inventory suggesting

other processes are reducing the DIC content in the region.

A better understanding of these patterns is obtained by breaking down the water
column integrated DIC trends (Figure 6a) into the trend without the anthropogenic
carbon (Figure 6b), the DIC trend difference due to the warming (Figure 6¢) and the
DIC trend due to the salinification patterns (Figure 6d). The model suggests that DIC
would have declined in the MAB without the anthropogenic carbon dioxide. This
decline is driven by the changes in temperature and salinity with salinity having a
greater impact, but both stressors driving the DIC changes in the same direction. Both
temperature and salinity changes over the last several decades have reduced the DIC
content of the MAB region. TA also declines in response to this salinity trend in the
MAB and contributes to a weaker uptake of carbon over most of the region (Figure 5f).
The southern MAB and nearshore regions would have seen a larger DIC increase if the
salinity trends over the first decade had remained constant historically. Similar patterns
are found in the deep GOM. Temperature and salinity changes in the GOM have largely
reduced the increase of DIC found in the region, but they are not the only contributors
to the DIC trends. Notably the interior of the GOM experiences the largest increase in
DIC and this is largely due to the AOU change in the region (Figure 5).

The northernmost region experiences the largest and fastest warming, while the

southern MAB experiences the largest decline in TA at both the surface and the bottom.
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Over the entire water column, AOU increases over many regions of the domain
including the majority of the GOM and the region off the coast of New Jersey. The
extreme values of AOU both get more extreme over the historical simulation suggesting
AOQOU is accumulating in the deep GOM (Figure 5). In the southernmost region of the
MAB, AOU declines, as it does over much of Georges Bank and along the coast. In
addition, the region off the coast of New Jersey in the New York Bight area experiences
the largest decline in oxygen and increase in AOU. All these factors contribute to the

spatial pattern observed in the accumulation of anthropogenic DIC.

DIC depth int. trend

DIC depth int. trend

X
b
°

°
DIC (umol-kg-?)

w
P w
9 °
z z
i
R
N
L
~ ~
¥ 3
° n
DIC (umol-kg

o
°

DIC (umol-kg-?)
o

DIC (umol-kg-?)

74°W 72°W 70°wW 68°W 66°W 64°wW 74°W 72°W 70°W 68°W 66°W 64°wW

Figure 6: Maps of trends over 1981 to 2014 of depth integrated conditions on the NWA shelf
within the model domain. (a) DIC (umol/kg), (b) DIC without the anthropogenic “slug” or trend
(umol/kg), (c) DIC without the decadal change in temperature, i.e. the first decade of
temperatures cycled through the entire time series and then differenced with the historically
reconstructed DIC trend (umol/kg), and (d) DIC without the decadal change in salinity, i.e. the
first decade of salinity cycled through the entire time series and then differenced with the
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historically reconstructed DIC trend (umol/kg). In (c) and (d), regions that are red would have
more carbon if conditions had remained the same as the first decade while regions that are blue

would have less.

Future circulation changes

Depth-integrated velocity fields are first calculated by time-averaging within each
future projection period (2015-2042, 2043-2070, and 2071-2098), and then compared
against that during the historical period (1981-2014), in order to investigate the future
circulation changes in response to the high-emission scenario (Figure 7). We found that
the future currents on the outer shelf move offshore, as indicated by the intensities
inshore lower in the future, but higher near the slope. The inshore coastal current in the
Gulf of Maine also intensifies. This is consistent with prior projections [Clark et al. 2022]
with the same model domain, but different downscaling methods. In general, the

surface circulation changes are larger in magnitude than the depth-integrated.

Future rates of change

The surface and the bottom trends continue to differ in the future and most of the rates
accelerate into the future under SSP5-8.5 (Figure 8, and supplemental Figures 518, and
S19). In general, the trends are more severe at the bottom than at the surface in the MAB
for both Q) and pH when compared over the entire simulation (1980-2098; Figure 8, and
supplemental Figures 518, and S19). The range of variability experienced for Q) is
reduced in the future (Figure 8; S18; S19). This is consistent with the increased TA
projected in addition to the trends in DIC, T, and S. Further north, they are more
comparable for Q) or more severe at the surface, but more severe at the bottom for pH
(Figure 8). The DIC trends are more severe subsurface than at the surface (Figure S18)
while TA is the opposite (Figure S18). Deoxygenation is more severe on the Scotian
Shelf and the MAB than in the GOM (Figure S19). These trends combined with the
temperature and salinity patterns latitudinally (cooler in the north) contribute to the

spatial pattern of the simulated trends.
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Nearly all the rates of change accelerate into the future under SSP5-8.5, but the spatial
patterns of the trends shift as well. DIC trends increase by a factor of 2, increasing from
nearly 16 umol/kg/decade to over 32 pumol/kg/decade by the end of the century
under this extreme emission scenario. DIC rates of change increase most intensely at the
bottom, with faster rates than projected at the surface (Figure 9a; Figure S18). Bottom
DIC in Wilkinson Basin increases the slowest in the subsurface environment. Decline in
TA slows in the future simulations with declines in TA projected at the surface and
bottom of the southern Scotian Shelf, while small increases in TA are found everywhere
else (Figure 9b). Interesting patterns emerge along the shelf break of the MAB where a
maximum rate of increase is projected coincident with the region where the outer shelf

currents moving offshore.
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Figure 7: Maps of the circulation changes from 1981 to 2098 as depth integrated conditions on
the NWA shelf. The far left panel show the mean conditions for the entire historical simulation
while the three future time periods are showcased on the right three panels. The bottom row
showcases the anomalies from historical conditions. Arrow indicate intensity as well as direction

of the currents, while colors only indicate intensity.
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Figure 8: Monthly averaged regional trends from the surface (blue) and bottom (red) spanning
the historical simulation (1980-2014, the dashed vertical line) through the future projection
under SSP5-8.5 (2015-2098). The top row depicts the trends for (.., the middle row depicts

Q catcite, and the bottom row pH. The left column are from the Mid-Atlantic Bight. The middle row
are from the Gulf of Maine, and the right column are from the Scotian Shelf. The rates of change
(per year) for each time series over the entire record (1980 to 2098) are the values provided in the
legend. Additional variables are similarly plotted and can be found in the supplement (Figures
S18 and S19).
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-0.15 —-0.05

[Q aragonite-decade] [Q calcite-decade™]

-0.075 —-0.040
[pH-decade']

Figure 9: Maps of trends over 2015-2098 of surface and bottom conditions on the NWA shelf
within the model domain. (a) DIC, (umol/kg/decade), (b) TA (umol/kg/decade), (c) oxygen
(umol/kg/decade), (d) pCO, (uatm/decade), (€) Quag, () Quacire, () temperature (deg Cldecade),
(h) salinity (psu/decade), (i) pH on the total scale (per decade)
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Oxygen decline accelerates in the future, in other words, the rate of projected change
increases everywhere (Figure 9¢c; Figure S19). Areas that were increasing historically all
change to declining oxygen concentrations in the future. Some regions experience
minimal change, like the nearshore side of Georges Bank in Wilkinson Basin, but these
regions were already experiencing low oxygen concentrations so the rate of decline
could not increase that much. pCO, and Q both accelerate subsurface in the future

projections (Figures e, f).

Discussion:

Compound change— that is, multiple stressors changing in concert or closely -
including warming, salinity changes, deoxygenation, and increasing anthropogenic
carbon content—produces distinct regional changes and is driving unique trends over
the NWA shelf. Coastal modification of large-scale climate signals has been assessed
and identified in other systems [Howard et al., 2020; Siedlecki et al. 2021a; Pilcher et al.,
2022; 2025] with very different regional processes responsible for the modification. The
overall trends in DIC on the NWA coast are also coastally modified relative to the
anthropogenic carbon contribution, meaning despite the addition of anthropogenic
carbon altering the DIC content on the shelf, AOU is significantly contributing to rates
of DIC change in the region. Notably, on the NWA shelf, hotspots like Wilkinson Basin
and Hudson Canyon show amplified trends in DIC due to both anthropogenic carbon
accumulation and biological drivers like AOU. Regions with the largest pCO, increase
were associated with the highest changes in AOU: Hudson Canyon and Wilkinson

Basin.

The interpretation as to the driver of the modification component of the compound
change differs when considering an individual stressor as opposed to the multiple
stressors. For example, oxygen is also declining on the NWA shelf, and the trend is
driven in large part by AOU despite observed rapid warming [Nguyen et al., in review].
The AOU trend is driven in part by circulation shifts but is largely unexplained from
observations alone [Nguyen et al., in review] suggesting more local ecosystem
metabolism drivers. Declines in subsurface nutrient concentrations since 2010 have been

observed on the Scotian Shelf and are likely driven by a density-related shift in the Gulf
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Stream source water toward a less dense, lower-nutrient Gulf Stream contribution
[Lehmann et al. 2023]. These local drivers are difficult to diagnose with oxygen alone,
but with nutrients, temperature, salinity, and carbon together or compound change, the

mechanisms become clearer.

Circulation changes are also causing a change in AOU [Nguyen et al., in review; Claret
et al., 2018], which in turn is amplifying the rate of DIC change in some regions like
Wilkinson Basin and around Hudson Canyon. Consistent with other climate drivers in
the region, the trends in oxygen and DIC seem to be influenced by the large decadal
variations in circulation [Nguyen et al., in review; Goncalvez-Neto 2021; Jutras et al.,
2020; Gilbert et al., 2005; Claret et al., 2018]. Waters on the shelf are known to oscillate
between cooler, fresher Labrador Slope Water, which has lower-nutrient concentrations
as well as lower AOU, and warmer, saltier Warm Slope Water, which has higher-
nutrient concentrations and higher AOU [Jutras et al., 2020; Townsend et al. 2015, 2023].
These oscillations in water masses can coincide with decadal oscillations like the North
Atlantic Oscillation (NAO). For example, the Labrador Current extends further to the
south during a low (negative) NAO period driving low nutrient conditions in bottom
waters of the Scotian Shelf and vice versa (Petrie & Drinkwater, 1993). Circulation,
however, only explains 44% of the trends in the region [Nguyen et al. in review]. Despite
that, these large decadal oscillations make trend analysis in the region challenging, even

with a 30- year record, and may require longer simulations to fully diagnose.

These patterns and mechanisms differ from those on the west coast of the US, for
example, and those differences will be discussed more below. All these trends are
expected to accelerate in the future under the most severe emissions scenario explored
with projections here. The different magnitudes of amplification in the surface and at

the bottom persist making observation strategies for observing this change imperative.
Patterns and estimates of anthropogenic carbon on shelves

Here we estimated anthropogenic carbon inventory accumulated over the NWA shelf
between 1998 and 2014 and can now compare this estimate to other shelves and

estimates for the NWA (23-35 umol kg™). Anthropogenic carbon content for the MAB
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shelf has been estimated from observations (12-26 pmol kg™ from 1996 to 2018; Li et al.,
2024). Li et al. (2024) also found that DIC had increased over the entire water column in
the MAB over this time interval. They suggest that most of the anthropogenic carbon is
not stored locally on the shelf but rather exported to the open ocean thus contributing to
the NWA shelf’s well-established status as a sink for atmospheric CO, [Laruelle et al.,
2010; Regnier et al., 2022; 2013; Roobaert et al., 2024]. This concept is consistent with our
differences between the total DIC trends over the simulated time period and the
estimated anthropogenic carbon accumulated over this period, including the tendency
for the MAB shelf to have a declining DIC trend without the addition of anthropogenic
carbon (Figure 5). Water mass changes in the region likely influence the presence of
anthropogenic carbon in the region, which is why the water mass approach was
adopted by Li et al. (2024). Gulf Stream water is rich in anthropogenic carbon [Cai et al.,
2020; Wanninkhof et al., 2015], while estuarine waters were assumed to be poor or in
fact contain no anthropogenic carbon in Li et al. (2024). Li et al. (2024) justify this
approach because freshwater often has high pCO, already, a short residence time, and
low buffering capacity. Notably observations of freshwaters in the region are known to
contain lower DIC than offshore waters in the region [Salisbury et al. 2009; Gomez et al.
2023]. This assumption differs from our approach and likely contributes to our higher
estimate of anthropogenic carbon for the region. Li et al. (2024) point out in their
supplementary materials that this choice does influence the total accumulation, and our
assumptions would be more consistent with the delta DIC method described there,
which results in the highest estimates of anthropogenic carbon accumulation. Our
approach allows for surface waters to equilibrate with the atmosphere, which the Li et
al. (2024) work assumes is not possible as the residence time of fresher waters is too
short in the system. Finally, Li et al. (2024) do not allow for the properties in the end
members (e.g. Laurentian Current, Gulf Stream) to change over time, and we know that
surface waters in the North Atlantic have increasing contributions of anthropogenic
carbon from observations due to rising atmospheric concentrations [Santana-Toscano et
al. 2025].

Historically, the simulated DIC, . (30 umol /kg) contributes ~0.4 units of the total 0.6
units of the overall decline in Q... If the observed estimate of Li et al. (2024) is used,

that contribution is reduced. Determining the contribution of anthropogenic carbon
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contributions from estuaries and rivers in the region is important to refine to better
constrain this quantity in the NWA region. Despite these differences, both estimates
agree that the anthropogenic carbon inventory is still lower than estimates from the
west coast of the US [Feely et al., 2024].

On the west coast of the US, Feely et al. (2024) estimates between 15-80 umol/kg of
anthropogenic carbon reside in shelf waters with greater concentrations near the
surface, in the southern California Current System, and lower values observed
subsurface [Feely et al., 2024, 2016]. On the east coast of the US, higher anthropogenic
carbon values are observed in the subsurface and on the outer shelf [Li et al., 2024], but
simulated inventories here suggest shallow waters and consistently higher in
anthropogenic carbon with secondary highs located on the outer coast. Notably, the
shelf and coastal processes differ drastically from those on the east coast of the US
[McGarry et al., 2021], including relevant processes to carbon cycling [Cai et al., 2020].
Offshore source waters have higher anthropogenic waters in the North Atlantic than in
the Pacific [Carter et al., 2021], contributing to the spatial differences between the
regions. Additionally, waters are warmer and fresher on the NWA shelf contributing to
lower carbon inventories [Cai et al., 2020]. These regional process-based differences
have important implications for both the future as well as observing regional change,
highlighting the importance of observing and understanding the hot spots for change
on the NWA shelf.

Drivers of differences between surface and bottom trends — modification mechanisms

Surface trends differ from bottom trends in both the historical and future simulations
with the bottom trends simulated to be more intense. This pattern has been observed in
an analysis of historical warming rates in the region using temperature observations
previously [Friedland et al., 2020]. Friedland et al. (2020) identified different warming
change points between the surface and bottom observations. They suggested more
atmospheric drivers at the surface and more advective controls at the subsurface as one
possible explanation for these trends. Consistent with this, surface temperatures
experience a larger seasonal variation than bottom temperature or salinity does
[Richaud et al., 2016].
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Biogeochemically, surface atmospheric drivers of changes in carbon would likely follow
changes in atmospheric conditions, while advective driven changes in carbon variables
would be mirrored in patterns for AOU as well as T and S changes. Our results are
indeed consistent with that pattern, with the largest AOU trends coinciding with the
largest bottom DIC changes (Figure 5), while the surface trends are largely the same as

the atmospheric trends (Figure 3d, ~12-19 patm/decade).

A recent analysis in Roobaert et al. (2024) of global coastal trends in carbon fluxes
reveals that the long-term trend of the air-sea pCO, gradient drives most of the
long-term evolution of the coastal CO,sink, wind speed and sea-ice coverage
playing a significant role regionally. In the NWA, our simulated surface and
bottom trend patterns are consistent with the mechanisms responsible for the
difference between the physical drivers described by Friedland et al. (2020) and
Roobaert et al. (2024) with some refinement. On the NWA shelf, Roobaert et al.
(2024) identify the region as primarily a sink for CO, despite what recent
observations have suggested based on in situ observations in the region [Sutton et
al., 2016; Xu et al., 2020]. This conclusion, that the region is a net sink for carbon, is
also consistent with the recent multi-decadal analysis performed by Li et al.
(2024), which also identifies export from the shelf to the open ocean as an

important process to better understand and simulate.

There are two locations where AOU changes are identified as being critically important
for amplifying local DIC changes, shaping benthic trends: Wilkinson Basin and Hudson
Canyon. Wilkinson Basin has long been identified as a region of older recirculated
waters [Pringle 2006; Runge et al., 2014; Townsend et al., 2015]. The region surrounding
Hudson Canyon has only recently emerged as a potential hot spot for OA in the
Ecosystem Status report from the NEFSC produced by NOAA annually [NEFSC 2023].
AOQOU can be driven by circulation shifts, ventilation changes, or changes in local
biological processes like respiration of organic material [Kwiatkowski et al., 2020; Long
et al., 2019; Schmidtko et al., 2017; Takano et al., 2018], both of which are occurring in
these regions. More work is needed to identify the cause of AOU in this region locally

and determine the relative importance of circulation and local biological processes to
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controlling the trends in this region into the future, but the simulated biogeochemical

trend differences between the surface and bottom environments identified here support

the physical controls on the differences in surface and bottom trends in the region.
Consistent with this, in the regions further north off of Canada, Gibb et al. (2022)

demonstrates clear links between the physical environment and the carbonate system

along their Atlantic shelves as well. In the future projections, the differences between

the surface and the bottom trends continues but accelerates relative to the historical

rates.

Implications for Observing Trends:

Downscaled climate models require long term observations to evaluate these
important feedbacks in models and ensure the trends are achieved for the right
reasons including regional process-based feedback. Surface trends have been
established in the MAB region [Xu et al., 2020] and in the GOM [Salisbury and
Jonsson 2018] by reconstructing observations using empirically based statical
methods. Our trends reported here (Figure 3) compare well with observed trends
reported in both works, with the notable exception of total alkalinity trends,
which appear more uncertain. In the MAB, Xu et al. (2020) reconstructed surface
trends spanning 1982 to 2015 and found that the shelf water DIC content was
increasing at a rate of 10.6 +/- 2.2 umol/kg per decade, which compares well with
our simulated regional trends (Figure 3a). TA was reported as increasing slightly
(3.3 +/- 3.9 umol/kg per decade) but notably the uncertainty range was large,
suggesting the direction of the change was uncertain. Further north, on the
Scotian Shelf, simulations [Mei et al, 2024] and observations [Lehmann et al. 2023]
indicate freshening is occurring in that region, and the Labrador Current is known
to be freshening due to freshening in the Arctic Ocean as well [Zhang et al. 2021].
Our simulation identifies a decline in TA in surface waters of the region (Figure
3b) but is also known to be biased fresh. This could represent a water mass bias in
our simulations on the shelf or imply some missing important carbonate feedback
in our underlying assumptions as all the works used empirical reconstruction
approaches. The difference is also potentially due to the disagreement in the

salinity fields as well as each work uses different salinity products.
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Reconstructions rely on the strong relationship between salinity and TA observed
in the ocean [Lee et al., 2006], but that approach leaves errors larger (RMSE of 11
umol/kg, Salisbury and Jonsson 2018) than the trends reported in any of these
works despite strong correlations observed between these quantities. The strong
disagreement in our approaches suggests more work is needed to refine our

understanding of TA trends in the region.

A decline of 0.103 +/-0.010 per decade was observed for Q,,, while in the GOM
Salisbury and Jonsson (2018) report a decline of 0.049 +/- 0.009 per decade between
1981 and 2014. Our simulation suggests a similar range of rates of decline in surface
waters of the region including the spatial patterns with MAB experiencing a more
severe trend in surface waters (Figure 3e). In the NWA region, the frequency of

observing to capture the modeled trends suggests that annual observations every

summer are necessary for carbon variables (not shown). Typically, NOAA OAP ECOA

cruises occur every 3-5 years currently, but other NOAA cruises do measure some basic

hydrography and carbon variables seasonally (e.g. ECOMON and LTER). In addition,

bottom conditions in the GOM change a few years before the surface temperatures

[Balch et al., 2022] with important implications for observing this trend. So benthic

conditions are likely to influence surface conditions years later for biogeochemistry as

well. By prioritizing benthic observations in the region, surface field simulations and

forecasts will likely also be improved.

The time period of the observations used to quantify trends matters because of the
large decadal variation observed in this region [Nguyen et al., in review; Salisbury
and Jonsson, 2018]. When computing the trends, the trends may look different
depending on the time window within which are computed [Sutton et al., 2022],
which is why multiple decades of simulation or observations is recommended
[Drenkard et al., 2021]. In the NWA, a significant shift occurred in the mid 2010s,
which is when our historical simulation ends. This shift may affect the
comparisons with other estimated trends observed in the region. Notably,
Salisbury and Jonsson (2018) suggested that the surface Q) was increasing in the
GOM between 2006 and 2014, as did [Xu et al., 2020] for the MAB, which they

refer to as a hiatus in the decline. Salisbury and. Jonsson (2018) examined a 34-
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year record (1981-2014) within which only 5-10 years of anomaly perturbed the
regional carbon system. Over the longer term, the decline of pH was evident, but
short-term variability sometimes caused the direction of change to reverse for (2,
in particular. They noted the significant role of decadal variation for Q) trends,

which also shows up in our simulation.

Conclusions:

Observing this compound change requires not only over-constraint on the carbon
cycle parameters, but also multiple co-existing biogeochemical observations to
refine the mechanisms responsible for local climate variability. Surface and
bottom water rates of change differ for carbon variables on the NWA shelf
historically and these trends accelerate into the future. The overall trends in DIC
on this coast are modified including the anthropogenic carbon contribution,
meaning both circulation changes and AOU are contributing to rates and patterns
of DIC content change in the region. Historically, the DIC, . (30 pmol /kg)
contributes ~0.4 units of change to the overall decline in Q,,,. These modified
patterns continue in the future simulations. Downscaled projections continue to

be necessary to simulate compound changes in coastal regions.

Data Statement:

The climatological historical conditions can be found here:

Samantha Siedlecki, et al. (2025). Model fields supporting the publication "
Understanding historical and projected compound change on the Northwest Atlantic
shelf “- historical climatology [Data set]. Submitted to Progress in Oceanography.
Zenodo. 10.5281/zenodo.16421224

The climatological future conditions can be found here:

Samantha Siedlecki, et al. (2025). Model fields supporting the publication "
Understanding historical and projected compound change on the Northwest Atlantic
shelf “- future climatology [Data set]. Submitted to Progress in Oceanography. Zenodo.
10.5281/zenodo.16422060
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1686  Figure S1: Maps of model evaluation metric bias for oxygen concentrations in umol/kg compared
1687  against the WOD data set for the region between 1980 and 2014. Green values identify regions
1688  with minimal bias. Other statistics are reported in the figure as well including the Correlation
1689 coefficient (CF), normalized bias(NB), coefficient of determination (R2), relative standard

1690  deviation (RSD) with their associated rank (poor = P; good = G; excellent = E).
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Figure S2: Maps of model evaluation metric bias for AOU in umol/kg compared against the
WOD data set for the region between 1980 and 2014. Green values identify regions with
minimal bias. Other statistics are reported in the figure as well including the Correlation
coefficient (CF), normalized bias (NB), coefficient of determination (r), relative standard

deviation (RSD) with their associated rank (poor = P; good = G; excellent = E).
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Figure S3: Model evaluation of time series from Nguyen et al (in review) showcasing the
regional observed decline in oxygen concentrations in subsurface shelf waters in the NWA
region from the WOD data set for the region between 1980 and 2014 from the model (orange)
and observations (blue). The observed and modeled rates are reported alongside evaluation
metrics: v, NRMSE, NB.

250+
2001
(@)]
=
6 150_ ° I
E
e 1 007
s okl
<< 501
']
§ o1 ° e ¢
8 —o— QObservation rate: 1.3 umol/kg/year
-50; —e— ROMS rate: 0.3 pmol/kg/year
r=0.55, NRMSE=0.53, NB=0.49
-100 1994 1999 2004 2009 2014
Time

Figure S4: Model evaluation of time series from Nguyen et al (in review) showcasing the
regional observed increase in AOU concentrations in subsurface shelf waters in the NWA region
from the WOD data set for the region between 1980 and 2014 from the model (orange) and
observations (blue). The observed and modeled rates are reported alongside evaluation metrics: r,
NRMSE, NB.
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Figure S5: Model evaluation of time series from Nguyen et al (in review) showcasing the

regional observed trend in the solubility component of oxygen in shelf waters in the NWA region

from the WOD data set for the region between 1980 and 2014 from the model (orange) and

observations (blue). The observed and modeled rates are reported alongside evaluation metrics: r,

NRMSE, NB.
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Figure S6: MLR from McGarry et al. (2021) derived DIC comparison between observations and

simulations in a scatter plot colored by depth and in a map for bottom waters (right). Model

evaluation statistics reported in the inset box of each figure. The observations are retrieved from
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CODAP-NA from 2007 to 2014.
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Figure S7: ESPER-NN (Carter et al. 2021) derived DIC comparison between observations and

simulations in a scatter plot colored by depth and in a map for bottom waters (right). Model

evaluation statistics reported in the inset box of each figure. Observations are retrieved from
CODAP-NA from 2007 to 2014.
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Figure S8: MLR from McGarry et al. (2021) derived TA comparison between observations and

simulations in a scatter plot colored by depth and in a map for bottom waters (right). Model

evaluation statistics reported in the inset box of each figure. Observations are retrieved from
CODAP-NA from 2007 to 2014.
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Figure S9: ESPER-NN (Carter et al. 2021) derived TA comparison between observations and

simulations in a scatter plot colored by depth and in a map for bottom waters (right). Model

evaluation statistics reported in the inset box of each figure. Observations are retrieved from

CODAP-NA from 2007 to 2014.
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Figure S10: MLLR from McGarry et al. (2021) derived Q.q.ir. comparison between observations

and simulations in a scatter plot colored by depth and in a map for bottom waters (right). Model

evaluation statistics reported in the inset box of each figure. The observations are retrieved from

CODAP-NA from 2007 to 2014.
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Figure S11: ESPER-NN (Carter et al. 2021) derived (q.ir. comparison between observations

and simulations in a scatter plot colored by depth and in a map for bottom waters (right). Model

evaluation statistics reported in the inset box of each figure. Observations are retrieved from

CODAP-NA from 2007 to 2014.

63



Preprint, submitted to Progress in Oceanography

1756
4 r.0.83 Py 500 45°N r0.83 =
. NRMSE: 0.20 i P AL NRMSE: 0.20 | spewn® 04 &
- 3.5 NB: 0.16 . 400 43.5°N NB: 0.16 e a
[ . S . Qo
S 3 L 42°N X . . 0.2 _9
< . 300 : ; 3
25 : E 405N AR 0o g
. N ¢
% 2 ) 200 39°N o, ", %
o . y -02g
o o 7 B &
S,1.5 100 37.5°N . 04,“_,
1 36°N | 5kcwa, e
1 15 2 25 3 35 4 76°W 74°W 72°W 70°W 68°W 66°W 64°W
Observed Q Aragonite
1757

1758  Figure S12: MLR from McGarry et al. (2021) derived (1., comparison between observations
1759 and simulations in a scatter plot colored by depth and in a map for bottom waters (right). Model
1760  evaluation statistics reported in the inset box of each figure. Observations are retrieved from

1761  CODAP-NA from 2007 to 2014.
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1764  Figure S13: ESPER-NN (Carter et al. 2021) derived (2., comparison between observations and
1765  simulations in a scatter plot colored by depth and in a map for bottom waters (right). Model
1766  evaluation statistics reported in the inset box of each figure. Observations are retrieved from

1767  CODAP-NA from 2007 to 2014.
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Figure S14: MLR from McGarry et al. (2021) derived pCO, comparison between observations

and simulations in a scatter plot colored by depth and in a map for bottom waters (right). Model

evaluation statistics reported in the inset box of each figure.
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Figure S15: ESPER-NN (Carter et al. 2021) derived pCO, comparison between observations and

simulations in a scatter plot colored by depth and in a map for bottom waters (right). Model

evaluation statistics reported in the inset box of each figure. Observations are retrieved from

CODAP-NA from 2007 to 2014.
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Figure S16: ESPER-NN (Carter et al. 2021) derived DIC comparison between DOE-OMP

EN279 cruise observations and simulations in a scatter plot. Model evaluation statistics are

reported in the figure.
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Figure S17. Projected long-term (2015-2098) trends of surface and bottom
temperature (a; °C decade™), salinity (b; psu decade™), and dissolved oxygen (c;
umol kg? decade™) over the NEUS shelf and their corresponding seasonal difference
(represented by the standard deviation (STD), d-f), based on a dynamically
downscaled “time-varying delta” forced ROMS-COBALT-NWA simulations from a
global ESM (GFDL) under the SSP5-8.5 emission scenario (see Data and Methods;
Chen et al., in prep.).

67

Linear Trends [umol/kg/decade]

' /STD of Linear Trends [umo!/kg/deéade]



1795
1796

1797
1798
1799
1800
1801
1802
1803

Preprint, submitted to Progress in Oceanography

MidAtlantic Bight Gulf of Maine Scotian Shelf
2300 2300 2300
2200 2200 2200
il ‘W
. it . .
2100 il ‘”;““wvuf\‘\,‘””w 22100 2100
g bl Tl g g
Z2000| (M 2 2000 2 2000
Q Q Q
o o o
1900 1900 1900
1800 [ — Ssurface 1.58:0.06 1800 — Surface 1.57:0.06 1800 [ — surface 1.47:0.06
—— Bottom 2.06+0.02 —— Bottom 1.64£0.01 —— Bottom 1.65+0.01
1980 2000 2020 2040 2060 2080 2100 1980 2000 2020 2040 2060 2080 2100 1980 2000 2020 2040 2060 2080 2100
2300 MidAtlantic Bight 2300 Gulf of Maine 2300 Scotian Shelf
—— Surface 0.38+0.01 —— Surface 0.22+0.01
2275 2275 —— Bottom 0.22:0.00 2275 —— Bottom 0.13+0.01
2250 2250 2250
52225 52225 52225
< < <
3 3 3
£ 2200 £ 2200 £ 2200
2 2 E
= 2175 = 2175 = 2175
2150 2150 2150
2125 —— Surface 0.40+0.02 2125 2125
—— Bottom 0.34+0.01
2100 2100 2100
1980 2000 2020 2040 2060 2080 2100 1980 2000 2020 2040 2060 2080 2100 1980 2000 2020 2040 2060 2080 2100
MidAtlantic Bight Gulf of Maine Scotian Shelf
—— Surface 4.60+0.08 —— Surface 4.99:+0.08 —— Surface 5.30+0.09
25001 Bottom 13.02+0.23 2500 —— Bottom 11.320.18 2500 —— Bottom 12.47+0.19
2000 2000 2000
E E E
o © o
= 1500 21500 = 1500
Q o] Q
? 2 ?
1000 1000 1000
500 500 500
1980 2000 2020 2040 2060 2080 2100 1980 2000 2020 2040 2060 2080 2100 1980 2000 2020 2040 2060 2080 2100

Figure S18: Monthly averaged regional trends from the surface (blue) and bottom (red)

spanning the historical simulation (1980-2014, the dashed vertical line) through the
future projection under SSP5-8.5 (2015-2098). The top row depicts the trends for DIC the
middle row depicts TA, and the bottom row pCO,. The left column are from the Mid-

Atlantic Bight. The middle row are from the Gulf of Maine, and the right column are

from the Scotian Shelf. The rates of change (per year) for each time series over the entire

record (1980 to 2098) are the values provided in the legend.
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Figure S19: Monthly averaged regional trends from the surface (blue) and bottom (red)
spanning the historical simulation (1980-2014, the dashed vertical line) through the
future projection under SSP5-8.5 (2015-2098). The top row depicts the trends for
temperature, the middle row depicts salinity, and the bottom row oxygen
concentrations. The left column are from the Mid-Atlantic Bight. The middle row are
from the Gulf of Maine, and the right column are from the Scotian Shelf. The rates of

change (per year) for each time series over the entire record (1980 to 2098) are the values

provided in the legend.
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