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Key points:  36 
1. Surface and bottom water rates of change differ for carbon NWA shelf variables. 37 

2. The largest local anthropogenic carbon content is found in the southern MAB 38 
shelf. 39 

3. The largest DIC accumulation is in the Gulf of Maine due to coastal modification. 40 
4. Under SSP5-8.5, trends accelerate, and modification continues.  41 

5. Under SSP5-8.5, trends differ in surface and bottom waters. 42 
43 
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Abstract:  44 

 45 
Increasing atmospheric carbon dioxide concentrations are accompanied by ocean 46 
acidification, oxygen loss, and warming of the global ocean. However, in coastal 47 

environments, local processes that occur on small spatial scales can moderate or 48 
exacerbate these trends. These processes are not well represented in global climate 49 

models. Therefore, downscaled tools are useful to decipher carbonate system 50 
drivers and predict conditions.  Here we describe the application of a ROMS 51 

based regional model of the northwest Atlantic shelf, stretching from Florida to 52 
Newfoundland, with ~7 km horizontal resolution. The biogeochemical model 53 

relies on the Carbon, Ocean Biogeochemistry and Lower Trophics (COBALT) 54 
model in combination with regional empirical models to reconstruct the carbon 55 

variables. Using a 30-year historical simulation, model results are evaluated 56 
against in situ observations and then used to estimate anthropogenic carbon 57 

inventories for the region. Historical trends differ between surface and bottom 58 
conditions with bottom trends identified as more severe. Circulation and changes 59 

in the water column metabolism amplify local rates of change historically, while 60 
warming and water mass changes act to dampen these changes.  Regional 61 

locations of accelerated carbon storage and accumulation are identified and 62 
described to be modified by coastal processes. A time-varying dynamic delta 63 

forced future projection out to 2098 under SSP5-8.5 projects how these trends will 64 
continue and indicates future acceleration of trends. Observing compound 65 

change, or multiple stressors changing in concert or closely, requires not only 66 
over-constraint on the carbon cycle parameters, but also multiple co-existing 67 

biogeochemical observations to refine the mechanisms responsible for local 68 
climate variability. 69 

   70 
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Introduction:  71 

 72 
Over recent decades, the combination of fossil fuel emissions, deforestation, and cement 73 

production have imparted large physical and biogeochemical modifications on the 74 
world’s oceans [Le Quéré et al. 2018; Gattuso et al. 2015]. The global average patterns of 75 

the oceans have gotten warmer and salinity distributions have been altered with 76 
density structures and stratification patterns modified [Talley et al. 2016]. 77 

Biogeochemical alterations are also occurring, including oxygen declines, changes in 78 
productivity, and increased dissolved inorganic carbon content due to uptake of 79 

anthropogenic carbon dioxide – which alters the pH and mineral saturation state (Ω) of 80 
calcium carbonate through a process called ocean acidification (OA) [Doney 2010; Bopp 81 

et al. 2013]. This compound change– that is, multiple stressors changing in concert or 82 
closely - is happening at different rates and magnitudes across the globe including 83 

coastal waters.  84 
 85 

In coastal waters, local processes are further modifying the compound change and 86 
causing it to occur at different rates than observed globally [Gledhill et al. 2015; 87 

Siedlecki et al. 2021a, 2021b]. Most coastal areas have experienced significant increases 88 
in sea surface temperature (SST) at an overall rate of 0.25°C per decade from 1982 to 89 

2010 [Lima and Wethey 2012], which exceeds the global average SST trend of ~0.095°C 90 
per decade from 1979–2012 [Hartmann et al. 2013].  In the Northwest Atlantic, high-91 

resolution projections under doubling of CO2 warmed nearly twice as fast as the coarse 92 
resolution global simulation for the same region [Saba et al. 2016].  Two high-resolution 93 

downscaled projections under RCP8.5 forced by 4 different global climate models were 94 
compared out to 2050 [Brickman et al. 2021]. They found that the SST rates of warming 95 

exceeded the observed 100-year rate of warming for all the ensemble members. Three of 96 
the four global models predicted freshening of surface waters, and stratification 97 

increased in all simulations [Brickman et al. 2021]. All these studies attributed the 98 
increased rate of warming on the shelf relative to the basin to shifts in circulation 99 

and/or atmospheric changes altering warming patterns [Saba et al. 2016; Alexander et 100 
al. 2020; Brickman et al. 2021]. 101 

 102 
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Atmospheric carbon dioxide has increased at a rate of 2-3 ppm per year [Le Quéré et al. 103 

2018], and surface waters in the open ocean have mostly followed this long-term trend, 104 
effectively keeping up with the rising atmospheric concentrations.  Previously, the 105 

partial pressure of carbon dioxide (pCO2) in coastal shelf waters has been shown to lag 106 
the rise in atmospheric CO2, unlike the open ocean [Laruelle et al. 2018].   However, 107 

some regions amplified the global uptake, while others did not keep up with the 108 
atmosphere or dampened the global signal. For example, over the past 15 years, waters 109 

in the Gulf of Maine (GOM) have taken up CO2 at a rate significantly slower than that 110 
observed in the open oceans due to a combination of the extreme warming experienced 111 

in the region and an increased presence of well-buffered Gulf Stream water [Salisbury 112 
and Jönsson 2018]. The reduced uptake of CO2 by the shelves also alters local 113 

acidification rates, causing them to diverge from the global rates.  114 
 115 

Several high resolution simulations were used to project OA conditions to 2050 116 
[Siedlecki et al., 2021]. By 2050 under the RCP 8.5 projected climate scenario, saturation 117 

states of aragonite (Ωa) declined everywhere in the GOM and the region experience 118 
conditions below the critical Ωa threshold of 1.5 for most of the year by 2050 [Siedlecki 119 

et al., 2021].  Despite these declines, Siedlecki et al. (2021) determined the projected 120 
warming in the GOM imparts a partial compensatory effect to Ωa by elevating 121 

saturation states considerably above what would result from acidification alone, 122 
pointing to the need for a more comprehensive view of changing ocean conditions.   123 

 124 
In addition to regional warming altering OA rates, changes in water masses and 125 

circulation patterns [Gonçalves Neto et al., 2023; Jutras et al., 2023; Townsend et al., 2023; 126 

Balch et al., 2022; Gonçalves Neto et al., 2021; Claret et al., 2018; Mills et al., 2013; Pershing et 127 

al., 2015] also locally modify OA rates. Water mass influences were critical to the recent 128 

analysis of Li et al. (2024) who identified regional rates of anthropogenic carbon 129 
accumulation on the U.S. East Coast using observations. Their analysis revealed the 130 

slope waters have the highest accumulation rate in the region and identified the shelf as 131 
a critical region of export of anthropogenic carbon to the open ocean. This process of 132 

export would reduce the stress locally of additional carbon storage helping to alleviate 133 
some of the stress of OA. 134 
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 135 

The intrusion of anthropogenic CO2 is not the only mechanism that can reduce Ωa 136 
within coastal surface waters.  Local processes like freshwater delivery, eutrophication, 137 

water column metabolism, and sediment interactions can also modify regional 138 
variability in Ωa [Cai et al., 2011; Siedlecki et al., 2017; Qi et al., 2017; Pilcher et al., 2018; 139 

Feely et al., 2008; 2018; Siedlecki et al., 2021a,b].  Global projections cannot resolve these 140 
local processes with resolution of a degree or more.  High-resolution global projections 141 

have been developed which perform well in some coastal settings with physical 142 
variables only [Saba et al., 2016] and with biogeochemistry [Ross et al., 2023].  However, 143 

these projections simplify regional biogeochemical processes described above which 144 
can amplify or dampen these global changes, particularly in coastal shelf regions.  145 

 146 
Understanding and projecting changes on decadal-centennial timescales is critical for 147 

regional fisheries.  The time scale of regulations, business decisions, and investments for 148 
regional fisheries tends to occur at decadal scales: e.g., vessel or infrastructure built up 149 

in response to an emerging or recovering fishery [Fryxell et al., 2010; Steele 1998; 150 
Tomassi et al., 2017]. Organismal thresholds in pH or Ω will likely be exceeded by 2050 151 

in the GOM in subsurface environments, but more certainly by the end of the century 152 
based on projections using CMIP5 global models under the most aggressive emissions 153 

scenario [Rheuban et al., 2018; Siedlecki et al., 2021].  To address these issues, in this 154 
study, we forced an existing regional model with the most recent simulations 155 

performed in the framework of the Coupled Model Intercomparison Project 6 [CMIP6, 156 
Stockhause et al., 2021]. In doing so, we assessed how these modified ocean fields 157 

continue to evolve over the course of the 21st century.  Regionally downscaled climate 158 
projections of multiple climate-associated stressors (temperature, oxygen, pH, Ω, and 159 

pCO2) are produced to simulate both the past 30 years and provide continuous 100-year 160 
projections for the U.S. East Coast under the SSP5-8.5 emission scenario [Kriegler et al., 161 

2017].  We present our findings of compound change with a focus on the important 162 
benthic regions hosting the US and Canadian scallop fisheries as this region has been 163 

previously identified as vulnerable [Hare et al., 2016]. In addition we generated 164 
inventories of anthropogenic carbon spatially and will explore how the spatial gradient 165 

in the uptake of carbon locally influences trends in carbon variables both historically 166 
and into the future.  167 
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 168 

Background oceanography and projections in the region:    169 
 170 

The coastal ocean off the east coast of the US is home to valuable fisheries, a significant 171 
proportion harvesting calcifying organisms [Cooley and Doney, 2009]. The eastern U.S. 172 

continental shelf is comprised of three major subregions. To the north is the GOM, 173 
which extends from the Scotian shelf to Cape Cod. The GOM receives significant 174 

freshwater input from the local rivers and relatively fresh and cold water from the 175 
Labrador Current, a southward-flowing buoyancy-driven coastal current originating on 176 

the coast of Greenland [Townsend et al., 2004; 2015]. The Labrador Current’s water 177 
enters through the Northeast Channel where it continues in a counterclockwise 178 

circulation path and has demonstrated significant variability on decadal time scales 179 
[Townsend et al., 2004; 2015]. 180 

 181 
To the south of Cape Cod is the Mid-Atlantic Bight (MAB), which extends to Cape 182 

Hatteras. Its shelf and slope waters maintain a salinity below 34 as a result of significant 183 
freshwater contributions [Townsend et al., 2004]. Exchange with the slope water is 184 

modulated by the existence of a persistent shelf break front, which can be punctuated 185 
by meanders and intrusions of warm, salty water from the northward-flowing Gulf 186 

Stream, as Figure 1 shows [Joyce et al., 1992; Chen et al., 2014; Zhang and Gawarkiewicz 187 
2015, Townsend et al., 2004]. Beneath the thermocline in the summer, the cold winter 188 

water is trapped subsurface and is known as the “Cold Pool” [Houghton et al., 1982; 189 
Loder et al., 1998]. Results from historical simulations using the same NWA-ROMS 190 

model used in this study, suggest that the Cold Pool originates not only from local 191 
remnants of winter water near the Nantucket Shoals, but has an upstream source 192 

transported in the springtime from Georges Bank along the 80-m isobath [Chen et al., 193 

2018]. Ocean temperature variability on the northeast US (NEUS) continental shelf has 194 

been linked to large-scale ocean circulation from the Gulf Stream [Nye et al., 2011], with 195 
advection from the Labrador Sea also having major impacts on the downstream 196 

temperatures [Chapman and Beardsley 1989; Rossby and Benway 2000; Shearman and 197 
Lentz 2010; Xu et al., 2015].  198 

 199 
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Observations in combination with results from a high-resolution global climate 200 

simulation identify a long-term decline in oxygen concentrations and attribute this to a 201 
retreat of the Labrador Current associated with the slowdown of the Atlantic 202 

Meridional Overturning Circulation (AMOC) [Claret et al., 2018]. Nguyen et al. (in 203 
revision) used observations below the regional mixed layer to determine the rate of 204 

oxygen decline over the shelf and identified Apparent Oxygen Utilization (AOU) as the 205 
dominant driver of the decline. The changes in AOU could be driven by local changes 206 

in water column metabolism or by circulation shifts in the region.   207 
 208 

Methods: 209 
  210 

Historical run description: The physical ocean circulation model used for this study is the 211 
Regional Ocean Modeling System (ROMS), with horizontal curvilinear and vertical 212 

terrain-following sigma coordinates [Shchepetkin and McWilliams 2005].  The model 213 
domain covers the entire Northwest Atlantic (NWA), including the NEUS shelf, slope, 214 

and the major path of the Gulf Stream [Kang and Curchitser, 2013; Zhang et al., 2018; 215 
Chen et al., 2018]. The grid is configured with horizontal spacing of ~7 km and 40 216 

vertical terrain-following levels stretched toward the surface, with the highest 217 
resolution of 0.24 m near surface and the lowest resolution of 250 m at depth offshore. 218 

The biogeochemical module called the Carbon, Ocean Biogeochemistry and Lower 219 
Trophics (COBALT) model [Stock et al., 2014] developed by NOAA GFDL has been 220 

incorporated into ROMS and used to evaluate the lower trophic level and nitrogen 221 
budgets for the NWA region [Zhang et al., 2018; Zhang et al., 2019]. The model has been 222 

shown to skillfully simulate variability in water masses entering GOM in terms of T and 223 
S and to skillfully represent variability in chlorophyll [Chen et al., 2018; Zhang et al., 224 

2019].  The historical simulation was forced by atmospheric reanalysis, so comparisons 225 
with observations direction can be performed and the skill evaluated directly. 226 

   227 
Because the COBALT generated DIC, Alk was not skillful (not shown), we then applied 228 

empirical models, specifically a Multiple Linear Regression (MLR) of the carbonate 229 
system parameter based on hydrographic variables (T, S, and O2, equation V- see 230 

McGarry et al., 2021), and added observed anthropogenic carbon trends from the North 231 
Atlantic as described in Siedlecki et al. (2021b). The results described in Siedlecki et al. 232 
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(2021b) showcased how well this approach represented the seasonal cycle of surface 233 

aragonite saturation state in the GOM and the results here are evaluated more below. In 234 
addition, the results compared well with the Canadian team projections using a coupled 235 

dynamic carbon model. We found the total alkalinity (TA) estimates from McGarry et 236 
al. (2021) performed better within the region, so we only used those.  Finally, as an 237 

alternative to McGarry, we also experimented with Empirical Seawater Property 238 
Estimation Routines-Neural Networks (ESPER-NN) equation 7 [Carter et al., 2021], 239 

which includes estimates of anthropogenic carbon over time. Dissolved inorganic 240 
carbon (DIC) was calculated with equation VII which uses T, S, and O2 to estimate 241 

dissolved inorganic carbon. The code requires in situ temperatures as inputs then 242 
ROMS potential temperature fields were converted with the Gibbs-SeaWater 243 

Oceanographic toolbox for MATLAB, version 3.06.12 [McDougall and Barker, 2011]. By 244 
passing the time variable to the calculations, ESPER estimates the anthropogenic carbon 245 

added to the ocean and compared with recent observation-based estimates for the 246 
region (Li et al. 2024).  Similar to the prior MLR application described in Siedlecki et al. 247 

(2021b), the carbon equilibrates with the MLD using the simulated surface temperatures 248 
and salinities in addition to the empirical model additions. Anthropogenic carbon 249 

inventories are estimated by accumulating the volume-weighted sum of the ESPER-250 
derived value over the shelf through the end of 2014, where the historical simulation 251 

ends.  252 
 253 

Apparent Oxygen Utilization (AOU) is calculated as the difference between oxygen 254 
solubility and the in situ oxygen concentration:  255 

𝐴𝑂𝑈 =	𝑂!,#$%&'(%()*	 	− 	𝑂!,(,	#()& (1) 256 

AOU reflects the cumulative effect of water column metabolism and the pre-formed O2 257 
concentration of the source waters, as AOU changes with changing circulation and 258 

residence times as well [Ito et al., 2017]. Positive AOU is interpreted as oxygen is 259 
consumed or depleted due to increased consumption of organic material, decreased 260 

mixing, and/or circulation changes with more influence from water masses with higher 261 
AOU. Organic matter consumption also generates DIC and reduces TA. 262 

 263 
Future forcing generation: Time varying projections driven by CMIP6 model output 264 
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 265 

While CMIP6 shares many features with previous intercomparison projects, it is 266 
redesigned using a new more structured system (see Eyring et al., 2016). Here we use a 267 

climate model driven by the SSP5-8.5, which is similar but not identical to the RCP8.5 268 
scenario in CMIP5.  While the SSP5-8.5 scenario is considered a “no policy” scenario 269 

and exceeds currently emission reductions planned with current global policies, it is 270 
unlikely to occur (Hausfather & Peters, 2020) but not impossible (Christensen et al. 2018; 271 

Sarofim et al. 2024). Here we chose to employ this notably high-end scenario to explore 272 
if ocean acidification thresholds could be surpassed for the region if at all, as this was a 273 

question raised by the community when we started this work. As scenario uncertainty 274 
collapses prior to 2050 and natural variability dominates before then (Hawkins and 275 

Sutton, 2009; Deser et al. 2012; 2014), this extreme scenario choice is most influential for 276 
the projection period beyond 2050.  277 

 278 
We examined the set of the global earth system model simulations in CMIP6 using 279 

SSP5-8.5 and chose the GFDL ESM4 model, which has a relatively high atmospheric 280 
resolution (~1° lat x 1° lon) and well-developed ocean physical and biogeochemical 281 

components. The GFDL ESM4 also uses COBALT, enabling a more seamless passing of 282 
ocean conditions at the ROMS boundary. 283 

 284 
To retain both the mean climate and high-frequency variability from observations, a 285 

method was employed that removes the mean bias and retains realistic unforced 286 
climate variability over a range of time scales. Following Pozo-Buil et al. (2021) we use a 287 

“time-varying delta” method based on output from the GFDL ESM4 simulation 288 
combined with values obtained from renalyses. The "deltas" are time varying using 3 289 

hourly data from the atmosphere using the following equation: 290 
 291 

ATM' (1980-2100) = REAN_CLIM + DELTA (2) 292 
 293 

where REAN_CLIM was generated from the Japanese 55-year Reanalysis based surface 294 

dataset for driving ocean-sea ice models (JRA55-do) forcing files from 1980-2014 295 
[Tsujino et al, 2018], which was used to generate the historical simulation [Zhang et al., 296 
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2019]. Because JRA55-do is a surface dataset for driving ocean-sea ice models, it has 297 

NAN values over land regions and values only over the ocean. The atmospheric 298 
REAN_CLIM was interpolated to the DELTA grid and “not a number” or NANs in the 299 

air temperature (Tair) and humidity (Qair) DELTAs were replaced using extrapolation.  300 

The daily mean historical annual cycle (4 harmonics) + daily averaged delta for rain, 301 

shortwave, and longwave radiation deltas were smoothed to a daily resolution 302 
atmospheric forcing. The atmospheric forcing files (for all variables) was computed as 303 

the smoothed time series plus the delta. Atmospheric CO2 forcing was calculated using 304 
the monthly average from the forcing file used in the historical simulation, and then 305 

adding the respective Delta from SSP5-8.5 for each year. 306 
 307 

The dynamic time-varying delta ocean forcing was generated using monthly data 308 
for the ocean climatology forcing and boundary conditions using the following 309 

equation: 310 
 311 

OCN' (1980-2100) = REAN_CLIM + DELTA (3)  312 
 313 

Where the REAN_CLIMs for the ocean were generated using the SODA3 ocean 314 
reanalysis as described in Zhang et al. (2019). The ocean REAN_CLIMs were 315 

interpolated to the ROMS 3D coordinates. All DELTAs were interpolated to the 316 
ROMS grid and NANs in the DELTA files were replaced via interpolation using 317 

nearest. The forcing is computed in this manner, rather than using the original 318 
fields from the earth system models, to remove the mean bias in the latter (e.g., the 319 

NE US coast tends to be too warm in most climate & earth system models). 320 

 321 
The physical and biogeochemical values have been applied to ROMS-COBALT in the 322 

forcing at the surface and side boundaries directly from GFDL’s ESM4 output for 323 
Nitrate, Silica, and Oxygen. Phosphate and other variables utilized the same forcing as 324 

in the historical which was the WOA climatological condition [Zhang et al., 2018]. 325 
Because the historical simulation used the climatological conditions that were 326 

disconnected from the other water properties, we could not use the same delta 327 
approach as we had done with other variables.  The carbon variables were 328 



Preprint, submitted to Progress in Oceanography 

 12 

reconstructed after the run was completed using statistical empirical relationships as 329 

described in the historical section above. 330 
 331 

The surface fields include winds, air temperature, humidity, and CO2, while the ocean 332 
fields include temperature, salinity, currents, alkalinity, DIC, nitrate, oxygen, and 333 

silicate, where the biogeochemical fields are required to be greater than zero and the 334 
biological fields adjust rapidly to the imposed forcing. Freshwater flux into the ocean 335 

from major rivers is applied at the locations identified in the Dai et al. (2009) database 336 
using the historical forcing described in Zhang et al. (2019). We assume the flux of 337 

freshwater remains constant in the future simulations. 338 
  339 

Observations used for oxygen and carbon variable evaluation: 340 
Oxygen observations from the World Ocean Database (WOD18; Boyer et al. 2018) were 341 

collated for evaluation with model fields from 1980 to 2014. WOD18 observations 342 
include bottle samples (Ocean station data, OSD), as well as CTD sensors. In addition, a 343 

mooring (A1) from the Gulf of Maine in 51 meters of water depth spanning 2002 to 344 
2014, was also utilized for model evaluation.  345 

 346 
Although the US East Coast and Gulf of Mexico are some of the best studied ocean 347 

regions in the world [Townsend et al., 2004], measurements of carbonate system 348 
parameters are sporadic, but were recently compiled in a data curation, CODAP-NA 349 

[Jiang et al., 2021]. The Gulf of Mexico and East Coast Carbon (GOMCC) cruises 350 
measured DIC, TA, and pH in July-August 2007, 2012, and 2017 [Wang 2013, 351 

Wanninkhof, 2015]. The East Coast Ocean Acidification Cruise (ECOA) measured these 352 
parameters in June-July 2015 [Xu et al., 2017], again in 2018, and in 2022.  Carbonate 353 

parameters, analyzed at AOML, are also taken on surveys (ECOMON) conducted by 354 
NOAA NEFSC over the continental shelf from Cape Hatteras, NC to Cape Sable, NS. 355 

Canadian data from the Atlantic Zone Monitoring Program (AZMP) includes carbonate 356 
parameters from the Gulf of St Lawrence, Quebec, Maritimes, Newfoundland and 357 

Labrador which are critical for understanding the slope water formation influencing 358 
our region. Additionally, ten brief cruises each lasting 1-2 days were conducted on the 359 

RV Tioga between 2013-2015, covering only the Wilkinson Basin region in the 360 
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southwestern GOM [Wang et al., 2017]. DOE OMP cruise EN279 data from March 1996 361 

[Huang et al., 2021] was also used for reference. 362 
 363 

Model skill evaluation 364 
 365 

Because the simulation has been used previously, we rely on those prior efforts to 366 
evaluate the lower trophic level and nitrogen budgets for the NWA region [Zhang 367 

et al., 2018; Chen et al., 2018; Zhang et al., 2019]. We focus on evaluation of oxygen 368 
from COBALT and carbon variables from the empirical relationships in this paper. 369 

Three metrics are used to evaluate model skill: the Pearson correlation coefficient 370 
(R-values), normalized root mean squared error (NRMSE), and the normalized 371 

bias (NB) with a range characterizing the performance as “Excellent,” 372 
“Reasonable,” and “Poor” following the definitions found in Allen et al. (2007) 373 

and Kessouri et al. (2021).  As the r-values approach 1, the phasing between the 374 
two temporal signals is in agreement; note however that this metric alone does not 375 

indicate the correspondence between the magnitudes of the two signals. The SD is 376 
influenced by both the phasing of the series and how well the hindcast variability 377 

compares with the observed variability. The NRMSE here represents the RMSE 378 
normalized by the standard deviation of the observations. If the model and 379 

observations are close to each other, the RMSE will be small, and consequently the 380 
standard deviation will be close to 1 and values then are categorized as: <0.2 381 

excellent; 0.2–0.4 reasonable; and > 0.40 poor. The NB (model bias normalized by 382 
the data) quantifies the apparent bias in the model and values are categorized as: 383 

<0.2 excellent; 0.2–0.4 reasonable; and > 0.40 poor [Maréchal, 2004].  384 
 385 

Statistic Excellent Reasonable Poor 
Pearson correlation coefficient 1-0.8 0.8-0.5 <0.5 
NRMSE <=|0.2 |0.2-0.4| >|0.4| 
Normalized Bias (Marechal, 
2004) 

<=|0.2| |0.2-0.4| >|0.4| 

 386 
Table 1: Statistical ranges defining our descriptions of model performance modeled following the approach 387 
described in Kessouri et al. (2021). 388 
 389 
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Trend analysis:  390 

 391 
The linear trends presented here were obtained by calculating the linear least-392 

squares regression at each single grid cell from yearly averaged time series: 393 
historical as 1980-2014 and future as 2015-2098. This results in the generation of 394 

two-dimensional arrays of trends (rates of change) for bottom and surface, as well 395 
as depth-integrated volume-weighted fields.    396 

 397 
Attribution analysis: 398 

To identify the drivers of historical change to the change in DIC content in the 399 
historical simulation, we utilized the empirical carbon model capabilities. The 400 

depth-integrated DIC trend was separated into the anthropogenic carbon 401 
contribution, the thermal contribution, and the salinity contribution. The 402 

anthropogenic carbon contribution isolated the year term in the ESPER-NN 403 
equation and allowed the atmospheric CO2 concentrations to be in equilibrium 404 

with surface waters down to the mixed layer depth. The thermal contribution was 405 
isolated by comparing the base simulation with a simulation performed using 406 

only the temperature from the first decade repeated over 3 decades. The first 407 
decade of temperatures is cycled through the entire time series and then 408 

differenced with the historically reconstructed DIC trend. Similarly, the salinity 409 
contribution was isolated by comparing the base simulation with a simulation 410 

performed using only the salinity from the first decade repeated over 3 decades. 411 
The first decade of salinity is cycled through the entire time series and then 412 

differenced with the historically reconstructed DIC trend. 413 
 414 

Results:  415 
 416 

Model Evaluation 417 
 418 

Oxygen: Overall, the spatial variation in time of bottom oxygen conditions on the NWA 419 
shelf are reasonably well simulated. Oxygen changes spatially compare reasonably well 420 

with r-values falling into the reasonable category (r=0.57; Figure S1-S3),  the phasing of 421 
the temporal variation in is reasonably well simulated as diagnosed by NRMSE (0.24),  422 
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oxygen was biased low on average but excellent (NB = 0.20) over most of the domain 423 

pictured in Figure 1.  When compared against the trend from WOD in the 50-100 m 424 
depth bin reported in Nguyen et al. (in review), the modeled oxygen is biased high 425 

(Figure S4). The source of this bias appears to be mostly the AOU contribution as that is 426 
biased low over most of the domain (Figure S5, NB =0.49). Although the established 427 

temperature bias [du Pontavice et al., 2023, Chang et al., 2021, Chen and Curchitser, 428 
2020] contributes to the overall bias as well, solubility is much better simulated than 429 

AOU trends (Figure S5-S6). Despite these biases, the trend is reasonably well (r= 0.57) 430 
simulated over the course of the simulation in the subsurface outer shelf region (50-100 431 

m; Figure S4). Given our approach, we expect these biases to impact DIC and TA and 432 
discuss the specifics of that in the section evaluating those variables below. 433 

Variable  Correlation 
Coefficient (CC, r)  

NRMSE  Normalized Bias (NB)   

Oxygen WOD  0.57  0.24  0.20  
AOU WOD  0.55  0.53  0.49  
DICMLR  0.91  0.01  0.01  
TAMLR  0.89  0.02  0.01  
Ωarag-MLR  0.83  0.2  0.16  
Ωcalcite-MLR  0.83  0.19  0.15  
pCO2-MLR   0.56  0.15  0.12 
pCO2-MLR Mooring  0.56  0.18  0.16  
DICESPER  0.91  0.01  0.01  
TAESPER  0.89  0.02  0.01  
Ωarag-ESPER  0.83  0.2  0.16  
Ωcalcite-ESPER  0.83  0.19  0.15  
pCO2-ESPER  0.58  0.15  0.12  
pCO2-ESPER Mooring  0.11  0.25  0.2  
Table 2: Summary of the three model evaluation statistical metrics of performance used in this work for 434 
all the carbon and oxygen variables explored in the results. Results for both the MLR from McGarry et al 435 
(2021) and ESPER-NN [Carter et al. 2021] based approaches to reconstructing carbon variables are 436 
showcased. Excellent values are bold, while reasonable are italicized and poor are unformatted. 437 
 438 

Carbon variables 439 
Overall, the spatial variation in time of dissolved inorganic carbon (DIC) conditions on 440 

the NWA shelf are excellent over the period of the observations (2007-2014). DIC 441 
changes spatially compare well with r-values falling into the excellent category for both 442 
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the MLR and the ESPER based approaches (r=0.91; Table 2),  and the phasing of the 443 

spatial variation in time well simulated as diagnosed by NRMSE (0.01 for both, Table 2). 444 
In general, DIC is biased slightly high in the simulation (Figures S4 and S5; 6 μmol/kg), 445 

but still its performance falls into the excellent range for NB (0.01, Table 2). When 446 
compared with observations from 1996 (Figure S16), the simulated model skill remains 447 

excellent. Despite the AOU bias in the simulation, DIC appears to be well simulated. 448 
 449 

Similar to DIC, TA’s performance over space and time also falls into the excellent 450 
category in general. TA spatial and temporal variation compare well with R-values 451 

falling into the excellent category (r=0.83-0.89) for both the MLR and ESPER based 452 
approaches, and the phasing of the spatial variable was well simulated as diagnosed by 453 

NRMSE (0.01, Table 2). TA is biased slightly high in the simulation (Figures S6, S7; 454 
Table 2), but its performance still falls into the excellent range for NB (0.01, Table 2). 455 

 456 
Saturation state (Ω) for calcite and aragonite both perform similarly, also falling into the 457 

excellent category. Ω changes spatially compare well with r-values falling into the 458 
excellent category (r=0.83, Table 2) and performing similarly between the MLR and 459 

ESPER approaches. The phasing of the signal spatially and in time was also well 460 
simulated (excellent) as diagnosed by NRMSE (0.2, Table 2). Ω is biased low in the 461 

simulation (NB =0.15-0.16, Table 2; Figure S8-11) The increase in bias is likely due to the 462 
bias in temperature already established in the simulation.  463 

 464 
pCO2 performs reasonably in the simulation with the weakest statistics overall. The 465 

spatial and temporal variation compares reasonably well with r-values falling into the 466 
reasonable category (r=0.58, Table 2, Figure S12, S13) for both ESPER and MLR based 467 

approaches. The phasing of the signal as well simulated in space and time as diagnosed 468 
by NRMSE. pCO2 is biased slightly high with a NB of 0.12-0.2 (Table 2) falling into the 469 

excellent category. Despite this weakness, the simulation seems to perform reasonably 470 
for this variable, giving us confidence to move forward with the projections and further 471 

analysis of the results.  472 
 473 

Annual climatology  474 
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475 
Figure 1: Climatological maps (1981 to 2014) of simulated surface and bottom conditions on the 476 
NWA shelf within the model domain. (a) DIC (μmol/kg), (b) TA (μmol/kg), (c) oxygen 477 
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(μmol/kg) (d) pCO2 (μatm), (e) Ωarag, (f) Ωcalcite., (g) temperature (deg C), (h) salinity (psu), and 478 

(i) pH on the total scale. 479 
 480 

Bottom DIC concentrations vary from 1900 to 2300 μmol/kg over the region on average 481 
(Figure 1a). The deeper locations house more carbon with the GOM and Gulf of Saint 482 

Lawrence containing the highest concentrations of DIC. The difference between the 483 
most recent decade simulated (2001-2010) and the earliest decade simulated (1981-1990) 484 

identifies regions where the DIC has changed the most. These include the deep 485 
Wilkinson Basin in the GOM, the outer shelf, and the region south of the Hudson River 486 

outflow off the coast of New Jersey.   487 
 488 

TA ranges from 2050 to nearly 2300 μmol/kg and is lower at the surface than at the 489 
bottom (Figure 1b). Offshore waters tend to be highest in TA, consequently the deep 490 

Wilkinson Basin and the outer shelf experience the highest TA at the bottom. The lowest 491 
TA occurs at the surface and in the northern edges of the domain. Notably, TA increases 492 

further south in the domain on the shelf.  493 
 494 

Bottom oxygen concentrations vary from 100 to 350 μmol/kg on average (Figure 1c). 495 
The lowest concentrations are found in the deepest locations (e.g., Wilkinson basin, 496 

Scotian Shelf, and on the outer shelf of the MAB). The highest values are found in the 497 
further north regions of the domain in the shallow shelves within the Gulf of St. 498 

Lawrence and off the coast of Newfoundland. Bottom oxygen decreases the most over 499 
the multidecadal simulation in the Wilkinson Basin within the GOM, within the most 500 

interior portion of the Gulf of St. Lawrence, and off the coast of New Jersey.    501 
 502 

AOU averaged annually over the 34-year historical simulation and then integrated over 503 
depth clearly highlights the recirculation occurring inside the GOM. AOU values 504 

exceed 65 μmol/kg in that region (Figure 2). The lowest AOU values occur in the 505 
southern portion of the MAB, and on Georges Bank. The Cold Pool region of the New 506 

York Bight is relatively higher than the surrounding shelf.  507 
 508 
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509 
Figure 2: Climatological map (1981 to 2014) of depth integrated AOU for the NWA shelf region. 510 

  511 
Bottom pCO2 values range from 350 to 650 μatm on average with the highest values in 512 

the Wilkinson Basin in the GOM and inside the Gulf of St. Lawrence estuaries (Figure 513 
1d). The lowest values can be found on the Georges Bank and some of the shallower 514 

shelves.  515 
 516 

Bottom Ω is lowest in the deepest regions of the GOM, Scotian Shelf, and within the 517 
Gulf of St. Lawrence, with bottom values nearing saturation or becoming 518 

undersaturated (Figure 1e, 1f). The latitudinal gradient is also strong with the highest 519 
values in the southernmost region of the domain. Notably the outer shelf of the MAB as 520 

well as the rim of Georges Bank house the highest Ω. The saturation state was highest in 521 
the 1980s and lowest in the most recent time indicating a decline over the 34 years 522 

simulated with the MAB experiencing the greatest overall change. These results are the 523 
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same for aragonite and calcite, but the magnitude differs in the change with the mineral 524 

saturation state.  525 
 526 

The warmest waters are found at the surface in the MAB and the bottom waters in the 527 
southern regions of the MAB. The saltiest waters are found on the outer shelf and in the 528 

deep Wilkinson Basin in the GOM.  529 
 530 

Bottom pH ranges from 7.8 to 8.1 in the region with the lowest values found in the 531 
Wilkinson Basin in the GOM and in the inner estuaries of the Gulf of St. Lawrence 532 

(Figure 1i). Some regions of the Scotian shelf also experience lower values. Bottom pH is 533 
highest in the 1980s and lowest in the early 2000s indicating a decline over this interval 534 

– in contrast to what is happening at the surface. The largest decline in pH occurs in the 535 
southern MAB region off the coast of New Jersey and Virginia.   536 

 537 
Time rate of change- historical  538 

 539 
Simulated salinity declined in both the surface and the subsurface over the period of the 540 

historical simulation (1981-2014, Figure 3g). A portion of this period has been observed 541 
to experience low salinities in the Gulf of Maine (2005-2010; Balch et al., 2022). On the 542 

Scotian shelf, the freshening trend was observed there historically (from 1975, Lehmann 543 
et al. 2023). Subsurface trends from observations switch to becoming saltier in 2010, 544 

while surface waters continue to freshen in the region [Lehmann et al. 2023]. The largest 545 
rates of simulated decline occurred in the southern portion of the MAB, where 546 

observations and trends of salinity have largely been unevaluated in the literature.  547 
 548 

Temperature largely increases over much of the domain, except for the southern MAB 549 
region and deep Wilkinson Basin, which experiences some minor cooling. These 550 

patterns are sensitive to when the trends are calculated and, in this region, and notably 551 
most of the observed warming occurred near the end and after our simulation period 552 

(post 2008). This simulation has an established temperature bias [du Pontavice et al., 553 
2023, Chang et al., 2021, Chen and Curchitser, 2020] which likely impacts the rest of this 554 

work as well.  555 
 556 
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Bottom oxygen concentrations decline over much of the region over the historical 557 

simulation period (Figure 3c). The region with the largest decline includes the regions 558 
closer to the coast inside the Gulf of St. Lawrence, Wilkinson Basin in the GOM, the 559 

northern portion of the Scotian shelf, and the New York Bight region.  560 

 561 
 562 
Figure 3: Maps of trends over 1981 to 2014 of surface and bottom conditions on the NWA shelf 563 

within the model domain. (a) DIC, (μmol/kg), (b) TA (μmol/kg), (c) oxygen (μmol/kg) (d) pCO2 564 

(μatm), (e) Ωarag, (f) temperature (deg C), (g), salinity (psu), (h) pH on the total scale. 565 
 566 

DIC is increasing more at depth (bottom) than at the surface with the largest rate of 567 
increase (18 μmol/kg/decade) occurring in the Wilkinson Basin, off the coast of New 568 

Jersey in the New York Bight, and along the outer shelf of the MAB.  Meanwhile, TA is 569 
largely decreasing over much of the region with the largest declines occurring in the 570 

southern MAB. In Wilkinson Basin, however, TA is increasing at the bottom. Notably, 571 
the increases in DIC alongside declines in TA both have adverse effects on Ω, pH, and 572 

pCO2. 573 
 574 
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pCO2 increases over the entire region with the largest increases occurring at the bottom. 575 

The largest increases occur in the Wilkinson Basin and off the coast of New Jersey 576 
around the Hudson River in the New York Bight region (Figure 3d).  577 

 578 
Ω declines over the entire region over this period with the largest declines happening at 579 

the bottom and in the southern portion of the domain at the surface (-0.2 units per 580 
decade). Bottom rates of decline are faster than the rates of decline at the surface, 581 

however the spatial patterns are similar. The GOM experiences the slowest decline in 582 
the area, but the climatological average of Ω is lowest in the north as well (Figure 1e-f).  583 

  584 
At the A1 mooring in the GOM off the coast of New Hampshire, Ω is declining at a rate 585 

of -0.02 per decade (observed Trend, Figure 4) but the rate is not significant likely due to 586 
the high variability in the region. This rate, however, is similar to the rate observed for 587 

the N. Atlantic basin (-0.03 to -0.05 per decade; Jiang et al., 2015). This rate is also similar 588 
in magnitude but trending in a different direction than observations made at the surface 589 

from Buoy D in the GOM for 10 years (0.0152 ± 0.003 from 2004 to 2015, Salisbury and 590 
Jonsson 2018).  However, the simulated trend is significant, and larger than the 591 

observed by a factor of 3 or so and is larger than that of the basin (Figure 4). Near the 592 
end of the observation from A1, there are data gaps (2011 to 2013) that coincide with 593 

lower Ω simulated in the simulation. These gaps are likely contributing to the 594 
differences between the simulated and observed trends.  When the observed data set is 595 

stopped at 2011, before the gaps in the record but still 10 years of observations, the 596 
simulated and observed trends agree. As a result, with confidence in the simulated 597 

trends, we conclude that the subsurface decadal trends (0.1 per decade) exceed the 598 
basin-wide trends in the region (-0.03 to -0.05 per decade; Jiang et al., 2015). The record 599 

hovers around 1.5, which is a known threshold for organisms in the region 600 

 601 
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602 
Figure 4: Reconstructed near-bottom trends of Ωarag observed and modeled at mooring A1 in the 603 
GOM located 15 m above the bottom for the entire record (top) and solely the first decade of the 604 

record prior to the data gaps that begin in 2011 (bottom). The Ωarag was reconstructed using 605 
ESPER-NN and the observed temperature, salinity, and oxygen time series from this subsurface 606 

mooring location. The observed time series was time-averaged monthly and annually as was the 607 
simulated ROMS output. The annual time series was fitted with a trend line and the resulting 608 

slope and trend are reported. Statistics identify a declining trend is observed (not significant) 609 
and simulated (significantly, p<0.05) in the region. The p-value is used to identify significance, 610 

the slope indicates the /yr difference using annually averaged input, while the trend quantifies 611 
the change over the entire time series (12 years). Notably, the simulated trend is larger than the 612 

observed by about a factor of 3. 613 
 614 
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Bottom pH is declining over the multi-decadal simulation over most of the domain 615 

except for the deep Gulf of St. Lawrence where a small area increases. The largest 616 
decline occurs in the southern MAB where pH declines by as much as 0.08 over 3 617 

decades (Figure 3h). 618 
 619 

Experiments with the observing strategy in the region (not shown) identify that the 620 
simulated observed change is best captured by increasing the frequency of monitoring 621 

in the region to annual summer cruises with the same sampling plan otherwise it’s 622 
biased, especially in the GOM. 623 

 624 
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 625 
Figure 5: Maps of total change from 1981 to 2014 of depth integrated conditions on the NWA 626 

shelf within the model domain. (a) DIC (μmol/kg), (b) the anthropogenic “slug” of the DIC trend 627 
(μmol/kg) estimated with ESPER, (c) DIC without the anthropogenic “slug” of the DIC or (a)-628 

(b) (μmol/kg), (d)  Depth integrated temperature trends (deg C), (e) AOU trend (μmol O2/kg), 629 
and (f) TA trend (μmol/kg). 630 

 631 
Anthropogenic carbon inventory and historical compound change 632 
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 633 

The anthropogenic carbon inventory in 2014 relative to 1993 (Fig. 5B) varies spatially 634 
over the model domain with the highest inventory (34 μmol/kg) found in the regions 635 

closer to the coast in the MAB. The deeper and northern regions of the domain have 636 
lower inventories (~20-25 μmol/kg). The total DIC change over the realistically forced 637 

historical simulation (42 μmol/kg) is larger than anthropogenic carbon change (24 638 
μmol/kg) in Wilkinson Basin, in particular (Figure 5 a-c). The change in the biological 639 

pump or the circulation changes in the region altering dominant water masses as 640 
identified by AOU, is amplifying the trajectory of the carbon variables in this region in 641 

some regions more than others (Figure 5e). The AOU change accounts for part of that 642 
difference (~20 μmol/kg C expected, Figure 5e) in the GOM. Other regions, like the 643 

MAB, the total DIC change is less than the anthropogenic carbon inventory suggesting 644 
other processes are reducing the DIC content in the region.  645 

 646 
A better understanding of these patterns is obtained by breaking down the water 647 

column integrated DIC trends (Figure 6a) into the trend without the anthropogenic 648 
carbon (Figure 6b), the DIC trend difference due to the warming (Figure 6c) and the 649 

DIC trend due to the salinification patterns (Figure 6d). The model suggests that DIC 650 
would have declined in the MAB without the anthropogenic carbon dioxide. This 651 

decline is driven by the changes in temperature and salinity with salinity having a 652 
greater impact, but both stressors driving the DIC changes in the same direction. Both 653 

temperature and salinity changes over the last several decades have reduced the DIC 654 
content of the MAB region. TA also declines in response to this salinity trend in the 655 

MAB and contributes to a weaker uptake of carbon over most of the region (Figure 5f).  656 
The southern MAB and nearshore regions would have seen a larger DIC increase if the 657 

salinity trends over the first decade had remained constant historically. Similar patterns 658 
are found in the deep GOM. Temperature and salinity changes in the GOM have largely 659 

reduced the increase of DIC found in the region, but they are not the only contributors 660 
to the DIC trends. Notably the interior of the GOM experiences the largest increase in 661 

DIC and this is largely due to the AOU change in the region (Figure 5).   662 
 663 

The northernmost region experiences the largest and fastest warming, while the 664 
southern MAB experiences the largest decline in TA at both the surface and the bottom. 665 



Preprint, submitted to Progress in Oceanography 

 27 

Over the entire water column, AOU increases over many regions of the domain 666 

including the majority of the GOM and the region off the coast of New Jersey. The 667 
extreme values of AOU both get more extreme over the historical simulation suggesting 668 

AOU is accumulating in the deep GOM (Figure 5). In the southernmost region of the 669 
MAB, AOU declines, as it does over much of Georges Bank and along the coast.  In 670 

addition, the region off the coast of New Jersey in the New York Bight area experiences 671 
the largest decline in oxygen and increase in AOU.  All these factors contribute to the 672 

spatial pattern observed in the accumulation of anthropogenic DIC.   673 

 674 
Figure 6: Maps of trends over 1981 to 2014 of depth integrated conditions on the NWA shelf 675 

within the model domain. (a) DIC (μmol/kg), (b) DIC without the anthropogenic “slug” or trend 676 
(μmol/kg), (c) DIC without the decadal change in temperature, i.e. the first decade of 677 

temperatures cycled through the entire time series and then differenced with the historically 678 
reconstructed DIC trend (μmol/kg), and (d) DIC without the decadal change in salinity, i.e. the  679 

first decade of salinity cycled through the entire time series and then differenced with the 680 
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historically reconstructed DIC trend (μmol/kg). In (c) and (d), regions that are red would have 681 

more carbon if conditions had remained the same as the first decade while regions that are blue 682 
would have less. 683 

 684 
Future circulation changes  685 

 686 
Depth-integrated velocity fields are first calculated by time-averaging within each 687 

future projection period (2015-2042, 2043-2070, and 2071-2098), and then compared 688 
against that during the historical period (1981-2014), in order to investigate the future 689 

circulation changes in response to the high-emission scenario (Figure 7). We found that 690 
the future currents on the outer shelf move offshore, as indicated by the intensities 691 

inshore lower in the future, but higher near the slope. The inshore coastal current in the 692 
Gulf of Maine also intensifies. This is consistent with prior projections [Clark et al. 2022] 693 

with the same model domain, but different downscaling methods. In general, the 694 
surface circulation changes are larger in magnitude than the depth-integrated. 695 

 696 
Future rates of change  697 

 698 
The surface and the bottom trends continue to differ in the future and most of the rates 699 

accelerate into the future under SSP5-8.5 (Figure 8, and supplemental Figures S18, and 700 
S19). In general, the trends are more severe at the bottom than at the surface in the MAB 701 

for both Ω and pH when compared over the entire simulation (1980-2098; Figure 8, and 702 
supplemental Figures S18, and S19). The range of variability experienced for Ω is 703 

reduced in the future (Figure 8; S18; S19).  This is consistent with the increased TA 704 
projected in addition to the trends in DIC, T, and S.  Further north, they are more 705 

comparable for Ω or more severe at the surface, but more severe at the bottom for pH 706 
(Figure 8). The DIC trends are more severe subsurface than at the surface (Figure S18) 707 

while TA is the opposite (Figure S18). Deoxygenation is more severe on the Scotian 708 
Shelf and the MAB than in the GOM (Figure S19). These trends combined with the 709 

temperature and salinity patterns latitudinally (cooler in the north) contribute to the 710 
spatial pattern of the simulated trends.  711 

 712 
 713 
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Nearly all the rates of change accelerate into the future under SSP5-8.5, but the spatial 714 

patterns of the trends shift as well. DIC trends increase by a factor of 2, increasing from 715 
nearly 16 μmol/kg/decade to over 32 μmol/kg/decade by the end of the century 716 

under this extreme emission scenario. DIC rates of change increase most intensely at the 717 
bottom, with faster rates than projected at the surface (Figure 9a; Figure S18). Bottom 718 

DIC in Wilkinson Basin increases the slowest in the subsurface environment. Decline in 719 
TA slows in the future simulations with declines in TA projected at the surface and 720 

bottom of the southern Scotian Shelf, while small increases in TA are found everywhere 721 
else (Figure 9b). Interesting patterns emerge along the shelf break of the MAB where a 722 

maximum rate of increase is projected coincident with the region where the outer shelf 723 
currents moving offshore.  724 



Preprint, submitted to Progress in Oceanography 

 30 

 725 
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Figure 7: Maps of the circulation changes from 1981 to 2098 as depth integrated conditions on 726 

the NWA shelf. The far left panel show the mean conditions for the entire historical simulation 727 
while the three future time periods are showcased on the right three panels. The bottom row 728 

showcases the anomalies from historical conditions. Arrow indicate intensity as well as direction 729 
of the currents, while colors only indicate intensity. 730 

 731 
 732 

 733 
Figure 8: Monthly averaged regional trends from the surface (blue) and bottom (red) spanning 734 
the historical simulation (1980-2014, the dashed vertical line) through the future projection 735 

under SSP5-8.5 (2015-2098). The top row depicts the trends for Ωarag, the middle row depicts 736 
Ωcalcite, and the bottom row pH. The left column are from the Mid-Atlantic Bight. The middle row 737 

are from the Gulf of Maine, and the right column are from the Scotian Shelf. The rates of change 738 
(per year) for each time series over the entire record (1980 to 2098) are the values provided in the 739 

legend.  Additional variables are similarly plotted and can be found in the supplement (Figures 740 
S18 and S19). 741 



Preprint, submitted to Progress in Oceanography 

 32 

 742 
Figure 9: Maps of trends over 2015-2098 of surface and bottom conditions on the NWA shelf 743 
within the model domain. (a) DIC, (μmol/kg/decade), (b) TA (μmol/kg/decade), (c) oxygen 744 

(μmol/kg/decade), (d) pCO2 (μatm/decade), (e) Ωarag, (f) Ωcalcite, (g) temperature (deg C/decade), 745 
(h) salinity (psu/decade), (i) pH on the total scale (per decade) 746 

 747 
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Oxygen decline accelerates in the future, in other words, the rate of projected change 748 

increases everywhere (Figure 9c; Figure S19). Areas that were increasing historically all 749 
change to declining oxygen concentrations in the future. Some regions experience 750 

minimal change, like the nearshore side of Georges Bank in Wilkinson Basin, but these 751 
regions were already experiencing low oxygen concentrations so the rate of decline 752 

could not increase that much. pCO2 and Ω both accelerate subsurface in the future 753 
projections (Figures 9e,f). 754 

 755 
Discussion:  756 

 757 
Compound change— that is, multiple stressors changing in concert or closely - 758 

including warming, salinity changes, deoxygenation, and increasing anthropogenic 759 
carbon content—produces distinct regional changes and is driving unique trends over 760 

the NWA shelf. Coastal modification of large-scale climate signals has been assessed 761 
and identified in other systems [Howard et al., 2020; Siedlecki et al. 2021a; Pilcher et al., 762 

2022; 2025] with very different regional processes responsible for the modification. The 763 
overall trends in DIC on the NWA coast are also coastally modified relative to the 764 

anthropogenic carbon contribution, meaning despite the addition of anthropogenic 765 
carbon altering the DIC content on the shelf, AOU is significantly contributing to rates 766 

of DIC change in the region. Notably, on the NWA shelf, hotspots like Wilkinson Basin 767 
and Hudson Canyon show amplified trends in DIC due to both anthropogenic carbon 768 

accumulation and biological drivers like AOU. Regions with the largest pCO2 increase 769 
were associated with the highest changes in AOU: Hudson Canyon and Wilkinson 770 

Basin.   771 
 772 

The interpretation as to the driver of the modification component of the compound 773 
change differs when considering an individual stressor as opposed to the multiple 774 

stressors. For example, oxygen is also declining on the NWA shelf, and the trend is 775 
driven in large part by AOU despite observed rapid warming [Nguyen et al., in review]. 776 

The AOU trend is driven in part by circulation shifts but is largely unexplained from 777 
observations alone [Nguyen et al., in review] suggesting more local ecosystem 778 

metabolism drivers. Declines in subsurface nutrient concentrations since 2010 have been 779 
observed on the Scotian Shelf and are likely driven by a density-related shift in the Gulf 780 
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Stream source water toward a less dense, lower-nutrient Gulf Stream contribution 781 

[Lehmann et al. 2023]. These local drivers are difficult to diagnose with oxygen alone, 782 
but with nutrients, temperature, salinity, and carbon together or compound change, the 783 

mechanisms become clearer.  784 
 785 

Circulation changes are also causing a change in AOU [Nguyen et al., in review; Claret 786 
et al., 2018], which in turn is amplifying the rate of DIC change in some regions like 787 

Wilkinson Basin and around Hudson Canyon. Consistent with other climate drivers in 788 
the region, the trends in oxygen and DIC seem to be influenced by the large decadal 789 

variations in circulation [Nguyen et al., in review; Goncalvez-Neto 2021; Jutras et al., 790 
2020; Gilbert et al., 2005; Claret et al., 2018]. Waters on the shelf are known to oscillate 791 

between cooler, fresher Labrador Slope Water, which has lower-nutrient concentrations 792 
as well as lower AOU, and warmer, saltier Warm Slope Water, which has higher-793 

nutrient concentrations and higher AOU [Jutras et al., 2020; Townsend et al. 2015, 2023]. 794 
These oscillations in water masses can coincide with decadal oscillations like the North 795 

Atlantic Oscillation (NAO). For example, the Labrador Current extends further to the 796 
south during a low (negative) NAO period driving low nutrient conditions in bottom 797 

waters of the Scotian Shelf and vice versa (Petrie & Drinkwater, 1993). Circulation, 798 
however, only explains 44% of the trends in the region [Nguyen et al. in review]. Despite 799 

that, these large decadal oscillations make trend analysis in the region challenging, even 800 
with a 30- year record, and may require longer simulations to fully diagnose.  801 

 802 
These patterns and mechanisms differ from those on the west coast of the US, for 803 

example, and those differences will be discussed more below. All these trends are 804 
expected to accelerate in the future under the most severe emissions scenario explored 805 

with projections here. The different magnitudes of amplification in the surface and at 806 
the bottom persist making observation strategies for observing this change imperative.  807 

 808 
Patterns and estimates of anthropogenic carbon on shelves 809 

 810 
Here we estimated anthropogenic carbon inventory accumulated over the NWA shelf 811 

between 1998 and 2014 and can now compare this estimate to other shelves and 812 
estimates for the NWA (23-35 μmol kg−1). Anthropogenic carbon content for the MAB 813 
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shelf has been estimated from observations (12-26 μmol kg−1 from 1996 to 2018; Li et al., 814 

2024). Li et al. (2024) also found that DIC had increased over the entire water column in 815 
the MAB over this time interval. They suggest that most of the anthropogenic carbon is 816 

not stored locally on the shelf but rather exported to the open ocean thus contributing to 817 
the NWA shelf’s well-established status as a sink for atmospheric CO2 [Laruelle et al., 818 

2010; Regnier et al., 2022; 2013; Roobaert et al., 2024]. This concept is consistent with our 819 
differences between the total DIC trends over the simulated time period and the 820 

estimated anthropogenic carbon accumulated over this period, including the tendency 821 
for the MAB shelf to have a declining DIC trend without the addition of anthropogenic 822 

carbon (Figure 5). Water mass changes in the region likely influence the presence of 823 
anthropogenic carbon in the region, which is why the water mass approach was 824 

adopted by Li et al. (2024). Gulf Stream water is rich in anthropogenic carbon [Cai et al., 825 
2020; Wanninkhof et al., 2015], while estuarine waters were assumed to be poor or in 826 

fact contain no anthropogenic carbon in Li et al. (2024). Li et al. (2024) justify this 827 
approach because freshwater often has high pCO2 already, a short residence time, and 828 

low buffering capacity. Notably observations of freshwaters in the region are known to 829 
contain lower DIC than offshore waters in the region [Salisbury et al. 2009; Gomez et al. 830 

2023]. This assumption differs from our approach and likely contributes to our higher 831 
estimate of anthropogenic carbon for the region. Li et al. (2024) point out in their 832 

supplementary materials that this choice does influence the total accumulation, and our 833 
assumptions would be more consistent with the delta DIC method described there, 834 

which results in the highest estimates of anthropogenic carbon accumulation. Our 835 
approach allows for surface waters to equilibrate with the atmosphere, which the Li et 836 

al. (2024) work assumes is not possible as the residence time of fresher waters is too 837 
short in the system. Finally, Li et al. (2024) do not allow for the properties in the end 838 

members (e.g. Laurentian Current, Gulf Stream) to change over time, and we know that 839 
surface waters in the North Atlantic have increasing contributions of anthropogenic 840 

carbon from observations due to rising atmospheric concentrations [Santana-Toscano et 841 
al. 2025]. 842 

 843 
Historically, the simulated DICanthro (30 μmol /kg) contributes ~0.4 units of the total 0.6 844 

units of the overall decline in Ωarag. If the observed estimate of Li et al. (2024) is used, 845 
that contribution is reduced. Determining the contribution of anthropogenic carbon 846 
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contributions from estuaries and rivers in the region is important to refine to better 847 

constrain this quantity in the NWA region. Despite these differences, both estimates 848 
agree that the anthropogenic carbon inventory is still lower than estimates from the 849 

west coast of the US [Feely et al., 2024]. 850 
 851 

On the west coast of the US, Feely et al. (2024) estimates between 15-80 μmol/kg of 852 
anthropogenic carbon reside in shelf waters with greater concentrations near the 853 

surface, in the southern California Current System, and lower values observed 854 
subsurface [Feely et al., 2024, 2016]. On the east coast of the US, higher anthropogenic 855 

carbon values are observed in the subsurface and on the outer shelf [Li et al., 2024], but 856 
simulated inventories here suggest shallow waters and consistently higher in 857 

anthropogenic carbon with secondary highs located on the outer coast. Notably, the 858 
shelf and coastal processes differ drastically from those on the east coast of the US 859 

[McGarry et al., 2021], including relevant processes to carbon cycling [Cai et al., 2020]. 860 
Offshore source waters have higher anthropogenic waters in the North Atlantic than in 861 

the Pacific [Carter et al., 2021], contributing to the spatial differences between the 862 
regions. Additionally, waters are warmer and fresher on the NWA shelf contributing to 863 

lower carbon inventories [Cai et al., 2020]. These regional process-based differences 864 
have important implications for both the future as well as observing regional change, 865 

highlighting the importance of observing and understanding the hot spots for change 866 
on the NWA shelf. 867 

 868 
Drivers of differences between surface and bottom trends – modification mechanisms  869 

 870 
Surface trends differ from bottom trends in both the historical and future simulations 871 

with the bottom trends simulated to be more intense. This pattern has been observed in 872 
an analysis of historical warming rates in the region using temperature observations 873 

previously [Friedland et al., 2020].  Friedland et al. (2020) identified different warming 874 
change points between the surface and bottom observations. They suggested more 875 

atmospheric drivers at the surface and more advective controls at the subsurface as one 876 
possible explanation for these trends. Consistent with this, surface temperatures 877 

experience a larger seasonal variation than bottom temperature or salinity does 878 
[Richaud et al., 2016].  879 
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 880 

Biogeochemically, surface atmospheric drivers of changes in carbon would likely follow 881 
changes in atmospheric conditions, while advective driven changes in carbon variables 882 

would be mirrored in patterns for AOU as well as T and S changes. Our results are 883 
indeed consistent with that pattern, with the largest AOU trends coinciding with the 884 

largest bottom DIC changes (Figure 5), while the surface trends are largely the same as 885 
the atmospheric trends (Figure 3d, ~12-19 μatm/decade).  886 

 887 
A recent analysis in Roobaert et al. (2024) of global coastal trends in carbon fluxes 888 

reveals that the long-term trend of the air–sea pCO2 gradient drives most of the 889 
long-term evolution of the coastal CO2 sink, wind speed and sea-ice coverage 890 

playing a significant role regionally. In the NWA, our simulated surface and 891 
bottom trend patterns are consistent with the mechanisms responsible for the 892 

difference between the physical drivers described by Friedland et al. (2020) and 893 
Roobaert et al. (2024) with some refinement. On the NWA shelf, Roobaert et al. 894 

(2024) identify the region as primarily a sink for CO2 despite what recent 895 
observations have suggested based on in situ observations in the region [Sutton et 896 

al., 2016; Xu et al., 2020]. This conclusion, that the region is a net sink for carbon, is 897 
also consistent with the recent multi-decadal analysis performed by Li et al. 898 

(2024), which also identifies export from the shelf to the open ocean as an 899 
important process to better understand and simulate.  900 

 901 
There are two locations where AOU changes are identified as being critically important 902 

for amplifying local DIC changes, shaping benthic trends: Wilkinson Basin and Hudson 903 
Canyon. Wilkinson Basin has long been identified as a region of older recirculated 904 

waters [Pringle 2006; Runge et al., 2014; Townsend et al., 2015]. The region surrounding 905 
Hudson Canyon has only recently emerged as a potential hot spot for OA in the 906 

Ecosystem Status report from the NEFSC produced by NOAA annually [NEFSC 2023]. 907 
AOU can be driven by circulation shifts, ventilation changes, or changes in local 908 

biological processes like respiration of organic material [Kwiatkowski et al., 2020; Long 909 
et al., 2019; Schmidtko et al., 2017; Takano et al., 2018], both of which are occurring in 910 

these regions. More work is needed to identify the cause of AOU in this region locally 911 
and determine the relative importance of circulation and local biological processes to 912 
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controlling the trends in this region into the future, but the simulated biogeochemical 913 

trend differences between the surface and bottom environments identified here support 914 
the physical controls on the differences in surface and bottom trends in the region. 915 

Consistent with this, in the regions further north off of Canada, Gibb et al. (2022) 916 
demonstrates clear links between the physical environment and the carbonate system 917 

along their Atlantic shelves as well. In the future projections, the differences between 918 
the surface and the bottom trends continues but accelerates relative to the historical 919 

rates.  920 
 921 

Implications for Observing Trends:  922 
 923 

Downscaled climate models require long term observations to evaluate these 924 
important feedbacks in models and ensure the trends are achieved for the right 925 

reasons including regional process-based feedback. Surface trends have been 926 
established in the MAB region [Xu et al., 2020] and in the GOM [Salisbury and 927 

Jonsson 2018] by reconstructing observations using empirically based statical 928 
methods.  Our trends reported here (Figure 3) compare well with observed trends 929 

reported in both works, with the notable exception of total alkalinity trends, 930 
which appear more uncertain. In the MAB, Xu et al. (2020) reconstructed surface 931 

trends spanning 1982 to 2015 and found that the shelf water DIC content was 932 
increasing at a rate of 10.6 +/- 2.2 μmol/kg per decade, which compares well with 933 

our simulated regional trends (Figure 3a). TA was reported as increasing slightly 934 
(3.3 +/- 3.9 μmol/kg per decade) but notably the uncertainty range was large, 935 

suggesting the direction of the change was uncertain. Further north, on the 936 
Scotian Shelf, simulations [Mei et al, 2024] and observations [Lehmann et al. 2023] 937 

indicate freshening is occurring in that region, and the Labrador Current is known 938 
to be freshening due to freshening in the Arctic Ocean as well [Zhang et al. 2021]. 939 

Our simulation identifies a decline in TA in surface waters of the region (Figure 940 
3b) but is also known to be biased fresh. This could represent a water mass bias in 941 

our simulations on the shelf or imply some missing important carbonate feedback 942 
in our underlying assumptions as all the works used empirical reconstruction 943 

approaches. The difference is also potentially due to the disagreement in the 944 
salinity fields as well as each work uses different salinity products. 945 
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Reconstructions rely on the strong relationship between salinity and TA observed 946 

in the ocean [Lee et al., 2006], but that approach leaves errors larger (RMSE of 11 947 
μmol/kg, Salisbury and Jonsson 2018) than the trends reported in any of these 948 

works despite strong correlations observed between these quantities. The strong 949 
disagreement in our approaches suggests more work is needed to refine our 950 

understanding of TA trends in the region.  951 
 952 

A decline of 0.103 +/-0.010 per decade was observed for Ωarag while in the GOM 953 
Salisbury and Jonsson (2018) report a decline of 0.049 +/- 0.009 per decade between 954 

1981 and 2014. Our simulation suggests a similar range of rates of decline in surface 955 
waters of the region including the spatial patterns with MAB experiencing a more 956 

severe trend in surface waters (Figure 3e).  In the NWA region, the frequency of 957 
observing to capture the modeled trends suggests that annual observations every 958 

summer are necessary for carbon variables (not shown). Typically, NOAA OAP ECOA 959 
cruises occur every 3-5 years currently, but other NOAA cruises do measure some basic 960 

hydrography and carbon variables seasonally (e.g. ECOMON and LTER). In addition, 961 
bottom conditions in the GOM change a few years before the surface temperatures 962 

[Balch et al., 2022] with important implications for observing this trend. So benthic 963 
conditions are likely to influence surface conditions years later for biogeochemistry as 964 

well. By prioritizing benthic observations in the region, surface field simulations and 965 
forecasts will likely also be improved.  966 

 967 
The time period of the observations used to quantify trends matters because of the 968 

large decadal variation observed in this region [Nguyen et al., in review; Salisbury 969 
and Jonsson, 2018]. When computing the trends, the trends may look different 970 

depending on the time window within which are computed [Sutton et al., 2022], 971 
which is why multiple decades of simulation or observations is recommended 972 

[Drenkard et al., 2021]. In the NWA, a significant shift occurred in the mid 2010s, 973 
which is when our historical simulation ends. This shift may affect the 974 

comparisons with other estimated trends observed in the region. Notably, 975 
Salisbury and Jonsson (2018) suggested that the surface Ω was increasing in the 976 

GOM between 2006 and 2014, as did [Xu et al., 2020] for the MAB, which they 977 
refer to as a hiatus in the decline.  Salisbury and. Jonsson (2018) examined a 34-978 



Preprint, submitted to Progress in Oceanography 

 40 

year record (1981-2014) within which only 5-10 years of anomaly perturbed the 979 

regional carbon system. Over the longer term, the decline of pH was evident, but 980 
short-term variability sometimes caused the direction of change to reverse for Ω, 981 

in particular. They noted the significant role of decadal variation for Ω trends, 982 
which also shows up in our simulation.  983 

 984 
Conclusions:   985 

Observing this compound change requires not only over-constraint on the carbon 986 
cycle parameters, but also multiple co-existing biogeochemical observations to 987 

refine the mechanisms responsible for local climate variability. Surface and 988 
bottom water rates of change differ for carbon variables on the NWA shelf 989 

historically and these trends accelerate into the future. The overall trends in DIC 990 
on this coast are modified including the anthropogenic carbon contribution, 991 

meaning both circulation changes and AOU are contributing to rates and patterns 992 
of DIC content change in the region. Historically, the DICanthro (30 μmol /kg) 993 

contributes ~0.4 units of change to the overall decline in Ωarag. These modified 994 
patterns continue in the future simulations. Downscaled projections continue to 995 

be necessary to simulate compound changes in coastal regions. 996 
 997 

Data Statement:  998 
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Supplemental information: 1682 
 1683 

 1684 
 1685 

Figure S1: Maps of model evaluation metric bias for oxygen concentrations in μmol/kg compared 1686 
against the WOD data set for the region between 1980 and 2014. Green values identify regions 1687 

with minimal bias. Other statistics are reported in the figure as well including the Correlation 1688 
coefficient (CF), normalized bias(NB), coefficient of determination (R2), relative standard 1689 

deviation (RSD) with their associated rank (poor = P; good = G; excellent = E).  1690 
 1691 

 1692 
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 1693 
  1694 
Figure S2: Maps of model evaluation metric bias for AOU in μmol/kg compared against the 1695 

WOD data set for the region between 1980 and 2014. Green values identify regions with 1696 
minimal bias. Other statistics are reported in the figure as well including the Correlation 1697 

coefficient (CF), normalized bias (NB), coefficient of determination (r), relative standard 1698 
deviation (RSD) with their associated rank (poor = P; good = G; excellent = E).  1699 

 1700 

 1701 
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Figure S3: Model evaluation of time series from Nguyen et al (in review) showcasing the 1702 

regional observed decline in oxygen concentrations in subsurface shelf waters in the NWA 1703 
region from the WOD data set for the region between 1980 and 2014 from the model (orange) 1704 

and observations (blue). The observed and modeled rates are reported alongside evaluation 1705 
metrics: r, NRMSE, NB.  1706 

 1707 
Figure S4: Model evaluation of time series from Nguyen et al (in review) showcasing the 1708 

regional observed increase in AOU concentrations in subsurface shelf waters in the NWA region 1709 
from the WOD data set for the region between 1980 and 2014 from the model (orange) and 1710 

observations (blue). The observed and modeled rates are reported alongside evaluation metrics: r, 1711 
NRMSE, NB. 1712 

 1713 
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 1714 
Figure S5: Model evaluation of time series from Nguyen et al (in review) showcasing the 1715 
regional observed trend in the solubility component of oxygen in shelf waters in the NWA region 1716 

from the WOD data set for the region between 1980 and 2014 from the model (orange) and 1717 
observations (blue). The observed and modeled rates are reported alongside evaluation metrics: r, 1718 

NRMSE, NB. 1719 
 1720 

 1721 

 1722 
Figure S6: MLR from McGarry et al. (2021) derived DIC comparison between observations and 1723 

simulations in a scatter plot colored by depth and in a map for bottom waters (right). Model 1724 
evaluation statistics reported in the inset box of each figure. The observations are retrieved from 1725 
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CODAP-NA from 2007 to 2014. 1726 

 1727 
Figure S7: ESPER-NN (Carter et al. 2021) derived DIC comparison between observations and 1728 
simulations in a scatter plot colored by depth and in a map for bottom waters (right). Model 1729 

evaluation statistics reported in the inset box of each figure. Observations are retrieved from 1730 
CODAP-NA from 2007 to 2014. 1731 

 1732 
Figure S8: MLR from McGarry et al. (2021) derived TA comparison between observations and 1733 
simulations in a scatter plot colored by depth and in a map for bottom waters (right). Model 1734 

evaluation statistics reported in the inset box of each figure. Observations are retrieved from 1735 
CODAP-NA from 2007 to 2014. 1736 

 1737 

 1738 
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Figure S9: ESPER-NN (Carter et al. 2021) derived TA comparison between observations and 1739 

simulations in a scatter plot colored by depth and in a map for bottom waters (right). Model 1740 
evaluation statistics reported in the inset box of each figure. Observations are retrieved from 1741 

CODAP-NA from 2007 to 2014. 1742 
 1743 

 1744 

 1745 

 1746 
Figure S10: MLR from McGarry et al. (2021) derived Ωcalcite comparison between observations 1747 

and simulations in a scatter plot colored by depth and in a map for bottom waters (right). Model 1748 
evaluation statistics reported in the inset box of each figure. The observations are retrieved from 1749 

CODAP-NA from 2007 to 2014. 1750 

 1751 
Figure S11: ESPER-NN (Carter et al. 2021) derived Ωcalcite comparison between observations 1752 

and simulations in a scatter plot colored by depth and in a map for bottom waters (right). Model 1753 
evaluation statistics reported in the inset box of each figure. Observations are retrieved from 1754 

CODAP-NA from 2007 to 2014. 1755 
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 1756 

 1757 
Figure S12: MLR from McGarry et al. (2021) derived Ωarag comparison between observations 1758 

and simulations in a scatter plot colored by depth and in a map for bottom waters (right). Model 1759 
evaluation statistics reported in the inset box of each figure. Observations are retrieved from 1760 

CODAP-NA from 2007 to 2014. 1761 

 1762 

 1763 
Figure S13: ESPER-NN (Carter et al. 2021) derived Ωarag comparison between observations and 1764 
simulations in a scatter plot colored by depth and in a map for bottom waters (right). Model 1765 

evaluation statistics reported in the inset box of each figure. Observations are retrieved from 1766 
CODAP-NA from 2007 to 2014. 1767 

 1768 
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 1769 
Figure S14: MLR from McGarry et al. (2021) derived pCO2 comparison between observations 1770 

and simulations in a scatter plot colored by depth and in a map for bottom waters (right). Model 1771 
evaluation statistics reported in the inset box of each figure. 1772 

 1773 

 1774 
Figure S15: ESPER-NN (Carter et al. 2021) derived pCO2 comparison between observations and 1775 

simulations in a scatter plot colored by depth and in a map for bottom waters (right). Model 1776 
evaluation statistics reported in the inset box of each figure. Observations are retrieved from 1777 

CODAP-NA from 2007 to 2014. 1778 
 1779 
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Figure S16: ESPER-NN (Carter et al. 2021) derived DIC comparison between DOE-OMP 1780 
EN279 cruise observations and simulations in a scatter plot. Model evaluation statistics are 1781 

reported in the figure. 1782 
 1783 

 1784 
 1785 
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 1786 
Figure S17. Projected long-term (2015-2098) trends of surface and bottom 1787 
temperature (a; °C decade-1), salinity (b; psu decade-1), and dissolved oxygen (c; 1788 

μmol kg-1 decade-1) over the NEUS shelf and their corresponding seasonal difference 1789 
(represented by the standard deviation (STD), d-f), based on a dynamically 1790 

downscaled “time-varying delta” forced ROMS-COBALT-NWA simulations from a 1791 
global ESM (GFDL) under the SSP5-8.5 emission scenario (see Data and Methods; 1792 

Chen et al., in prep.). 1793 
 1794 
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 1795 
Figure S18: Monthly averaged regional trends from the surface (blue) and bottom (red) 1796 

spanning the historical simulation (1980-2014, the dashed vertical line) through the 1797 
future projection under SSP5-8.5 (2015-2098). The top row depicts the trends for DIC the 1798 

middle row depicts TA, and the bottom row pCO2. The left column are from the Mid-1799 
Atlantic Bight. The middle row are from the Gulf of Maine, and the right column are 1800 

from the Scotian Shelf. The rates of change (per year) for each time series over the entire 1801 
record (1980 to 2098) are the values provided in the legend.   1802 
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 1804 
Figure S19: Monthly averaged regional trends from the surface (blue) and bottom (red) 1805 

spanning the historical simulation (1980-2014, the dashed vertical line) through the 1806 
future projection under SSP5-8.5 (2015-2098). The top row depicts the trends for 1807 

temperature, the middle row depicts salinity, and the bottom row oxygen 1808 
concentrations. The left column are from the Mid-Atlantic Bight. The middle row are 1809 

from the Gulf of Maine, and the right column are from the Scotian Shelf. The rates of 1810 
change (per year) for each time series over the entire record (1980 to 2098) are the values 1811 

provided in the legend.   1812 
 1813 

 1814 


