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 24 

Abstract 25 

The ocean has absorbed anthropogenic carbon dioxide (Canthro) from the atmosphere and 26 

played an important role in mitigating global warming. However, how much Canthro is 27 

accumulated in coastal oceans and where it comes from have rarely been addressed with 28 

observational data. Here, we use a high-quality carbonate dataset (1996-2018) in the U.S. 29 

East Coast to address these questions. Our work shows that the offshore slope waters 30 

have the highest Canthro accumulation rates (ΔCanthro) consistent with water mass age and 31 

properties. From offshore to nearshore, ΔCanthro decreases with salinity to near zero in the 32 

subsurface, indicating no net increase in the export of Canthro from estuaries and wetlands. 33 

The conservative mixing baseline also reveals an uptake of Canthro from the atmosphere 34 

within the shelf. Our analysis suggests that the continental shelf exports most of its 35 

absorbed Canthro from the atmosphere to the open ocean and acts as an essential pathway 36 

for global ocean Canthro storage and acidification. 37 

 38 

 39 

Teaser 40 

Continental shelves export anthropogenic carbon absorbed from the atmosphere but 41 

receive nearly zero from estuaries. 42 

Continental shelves receive little anthropogenic carbon from estuaries but transport it 43 

from the atmosphere to the open ocean. 44 

 45 

46 
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 48 

MAIN TEXT 49 

 50 

Introduction 51 

The ocean’s overall role as a sink for anthropogenic carbon (Canthro) has been determined 52 

unequivocally via global air-sea carbon dioxide (CO2) flux observations(1), global 53 

oceanic anthropogenic carbon inventory observations(2–6), and ocean physical-54 

biogeochemical model simulations(7, 8). As such the ocean has played an important role 55 

in shouldering CO2 storage and mitigating global warming but also has suffered from the 56 

acidification stress resulting from the absorbed CO2(9, 10). However, it has not yet been 57 

revealed how much Canthro accumulated in the coastal ocean and where it comes from 58 

using observational data within coastal oceans. 59 

Though small in surface area, the coastal regions, including estuaries, tidal wetlands, and 60 

the continental shelf and upper slope, are important locations for global carbon budget 61 

with high variability and uncertainty due to the heterogeneity within and among coastal 62 

systems (11–13). After two decades of intensive field and modeling research, it is clear 63 

now that the continental shelf is presently a sink for atmospheric CO2 while estuaries are 64 

a CO2 source driven by both the river and wetland carbon export(14, 15). Previous models 65 

and conceptual frameworks have suggested that the continental shelf is an increasing CO2 66 

sink, either switching from a source(16) or being enhanced from a weak sink in the 67 

preindustrial time to a stronger sink at present(17), implying the continental shelf as a 68 

potentially critical location to take up anthropogenic CO2 and to export it to the open 69 

ocean(18, 19). Recent syntheses of observational data and model results have determined 70 

that the global atmospheric CO2 uptake rate is about 0.25 PgC yr-1 (11, 14, 20) for the 71 

continental shelf (to 200 m). However, so far, we have no evidence to conclude on how 72 

much of this contemporaneous CO2 uptake flux is stored as Canthro, though conceptual 73 

model, mass-balance analysis, and numerical models often ignore coastal gradients and 74 

heterogeneities and suggest a substantial amount of the total flux is anthropogenic CO2 75 

uptake by the coastal ocean(18).  76 

An even less known but immensely important question considers whether there is a 77 

lateral transport of anthropogenic carbon from the terrestrial system to the open ocean 78 

along the land-ocean aquatic continuum (LOAC). A recent analysis by Regnier et al.(20) 79 

has suggested that, globally, net Canthro flux from the estuaries-wetlands to the continental 80 

shelf over the industrial period is essentially zero (0.05±0.10 PgC yr-1). This is a 81 

downward revision of the LOAC Canthro flux of about 0.1 PgC yr-1 previously proposed 82 

by Regnier et al. (2013) as it is believed to be compensated for by the more recent 83 

organic carbon loss in coastal wetlands (also see Dai et al. 2022(15)). However, the above 84 

conclusions are largely derived from indirect mass balance assessments and no direct 85 

observational evidence has been provided to support or negate them. In contrast, another 86 

model-based global river carbon budget analysis showed the carbon export from river to 87 

ocean (~0.9 PgC yr-1, in which DIC is ~0.6 PgC yr-1) has been stable, meaning no net 88 

Canthro, during the 20th century(21). Furthermore, a recent global synthesis of riverine 89 
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bicarbonate (HCO3
-) export is also inconclusive regarding whether anthropogenic 90 

activities have increased river HCO3
- flux on a global scale(22), though other syntheses 91 

have suggested that part of the terrestrial organic carbon export could be converted to 92 

dissolved inorganic carbon (DIC) and together with the CO2 uptake from the atmosphere, 93 

they have increased the shelf to open ocean export of DIC(11, 14). In summary, the input 94 

and accumulation rates, variabilities, and controls of the Canthro in coastal oceans are still 95 

unclear. An assessment based on direct observations of anthropogenic carbon 96 

accumulation in downstream coastal oceans may provide a new angle to address this 97 

unresolved question which is of broad interest to ocean and global carbon cycle and 98 

climate change communities. 99 

To distinguish Canthro from the natural background in the coastal ocean is challenging as 100 

only the total carbon changes can be directly measured and as the ratio of signal 101 

(anthropogenic trend) to noise (natural variability) may be small in coastal regions due to 102 

high natural variability and limited period of observational data(8, 23). Hence coastal 103 

Canthro estimation has so far mainly relied on either biogeochemical model simulations(17–104 

19) or a combination of conceptual model understanding and mass-balance analysis(19, 105 

20). While attempts of estimating Canthro have been made on large marginal sea basins 106 

such as the South China Sea(24, 25) and the Mediterranean Sea(26), these isolated deep 107 

basins are treated like the open ocean basins, involving no data from low salinity shelf 108 

and nearshore waters. In addition, Canthro content was also assessed in the upwelling 109 

dominated eastern boundary ocean margins(27, 28), yet it was extrapolated from the 110 

decadal repeated carbonate observations of the open ocean to the coastal waters(29, 30). 111 

While Canthro was also estimated and its impact on acidification was assessed in nearshore 112 

systems, such studies were generally limited to surface (31, 32) or seasonally hypoxic 113 

shallow subsurface water(33). Thus, high-quality synoptic coastal cruise data have barely 114 

been used to estimate regional Canthro directly so far. Although using the high-quality and 115 

long-term carbonate parameter observational data within shallow coastal oceans is the 116 

preferred path to move forward, time-series investigations of accurate and precise 117 

carbonate parameters of sufficiently long periods (> two decades) are rare in coastal 118 

ocean. To our knowledge, the North American East Coast may be the only ocean margin, 119 

among those seriously impacted by terrestrial carbon exports, which meets the criteria 120 

with a time series of high-quality carbonate chemistry investigations that can be traced 121 

back more than 20 years to the mid-1990s(34–37). 122 

Here, we take advantage of such a dataset from 1996 to 2018 to estimate the Canthro 123 

change (ΔCanthro) and explore its controlling processes in the U.S. Mid-Atlantic Bight 124 

(MAB) (fig. S1). Our results show that ΔCanthro is nearly zero in the low salinity (S<32) 125 

nearshore waters, meaning no increase in the Canthro export from estuaries-wetlands. We 126 

further conclude that only a small fraction of anthropogenic CO2 uptake by the 127 

continental shelf has been stored within the shelf while the majority is exported to the 128 

open ocean, aligning with recent model results. These conclusions may have major 129 

implications for Canthro re-distribution among the Earth systems. Our conclusions may 130 

stimulate a community-wide level effort to quantify coastal Canthro storage rates as more 131 

and more high-quality and long-term carbonate parameter data become available in the 132 
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highly heterogeneous global coastal oceans in the next two decades, improve the 133 

constraint of boundary conditions in regional and global ocean carbon models, and 134 

potentially provide the necessary baseline for assessing the marine carbon dioxide 135 

removal (mCDR) intervenes. 136 

 137 

Results  138 

Dissolved inorganic carbon decadal changes 139 

We first identified a consistent spatial distribution pattern and an evolving temporal 140 

change of DIC from 1996 to 2018 across five research cruises in the MAB (Fig. 1, fig. 141 

S1, table S1). The spatial variations of DIC content are largely determined by their source 142 

water properties (fig. S2 – S3). On the shelf, DIC concentrations are low in the low 143 

salinity nearshore water and the low salinity and cold shelf water from the alongshore 144 

Labrador Current (LC)(38, 39) (Fig. 1A – 1C and fig. S2). DIC concentrations increase 145 

moving offshore, especially in waters proximity to the Gulf Stream (Fig. 1A and 1B and 146 

fig. S3). On the continental slope, DIC is low in the top 200m of the high-temperature 147 

and salinity Gulf Stream water (GS) (Fig.1 and fig. S2 – S3). At deeper depth, DIC 148 

concentration rises in the low oxygen and high silicate (fig. S3) Antarctic Intermediate 149 

Water plus other intermediate waters (AAIW+)(34) (Fig.1C). Additionally, high DIC 150 

content is also observed below 500 m in the upper branch of the North Atlantic Deep 151 

Water (uNADW)(40, 41)(Fig. 1A – 1C).  152 

DIC increases with time in the whole water column, extending from the southmost 153 

transect to the northmost transect (Fig. 1A, 1B and 1D), which is supported by a 154 

statistical analysis of both DIC and salinity normalized DIC in different water masses 155 

(fig. S4). DIC increasing trend is most distinct in the slope water (fig. S4, r ≥ 0.8, P  ≤ 156 

0.1), while DIC increases in nearshore waters are not statistically significant. In contrast, 157 

the contents of temperature, salinity, oxygen, and silicate exhibit large variations and do 158 

not show distinguishable secular changes with time in these coastal water masses from 159 

1996 to 2018. (fig. S5, fig. S6 and table S2). However, due to the large natural variations, 160 

additional analysis is needed to isolate how much DIC changes is contributed from 161 

∆Canthro. 162 

Anthropogenic carbon accumulations in slope waters 163 

To identify the anthropogenic effect on the secular trends of DIC changes, we estimated 164 

ΔCanthro and its increasing rate in the subsurface using a time series analysis of regional 165 

extended multiple linear regression (regional eMLR)(42, 43) built from salinity, 166 

temperature, oxygen, and silicate concentration (Methods, table S3 and table S4). The 167 

results are further validated by the ensemble eMLR approach(30) (table S5 and table S6). 168 

While similar in principle to the eMLR approaches developed and used for the open 169 

ocean basins, regional eMLR includes a cross term to deal with the more dynamic coastal 170 

oceans(42, 43). On the surface (depth < 20 m), we estimated ΔCanthro using the constant 171 
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air-sea disequilibrium (ΔpCO2 = seawater pCO2 (pCO2sw) – atmospheric pCO2 (pCO2air)) 172 

method to avoid the pitfalls of the eMLR approach(3).  173 

We found a strong ΔCanthro vertical variation (Fig. 2A and 2B) in different slope water 174 

masses and distinct increasing trends with time (Fig. 2C). The highest ΔCanthro (26 ± 2 175 

µmol kg-1) over the period of 22 years (or annual increasing rate of ~1.1± 0.1 µmol kg-1 176 

yr-1; table S6) is located in the top 200 m, where the water shows GS features with high 177 

salinity, temperature, and TA. Below the GS water, the lowest ΔCanthro of 9 ± 3 µmol kg-1 178 

(or annual increasing rate of 0.3 ± 0.1 µmol kg-1 yr-1) is found in the AAIW+ water 179 

between 200 m to 500 m. Below 500 m, ΔCanthro in the uNADW water is 16 ± 3 µmol kg-180 
1 or an annual increasing rate of 0.5 ± 0.1 µmol kg-1 yr-1 (table S5 and S6).  181 

This sandwich structure of ΔCanthro in the slope water reflects the history and efficiency of 182 

the anthropogenic carbon uptake of the source waters, depending on the water-mass age 183 

(i.e., the time of last contact with the atmosphere) and water chemical properties. We 184 

illustrate and explain the mechanism on a ΔCanthro – pCO2sw space (Fig. 3) with the 185 

assumption that the air-sea CO2 gradient, ΔpCO2, in each source water has remained 186 

constant over the recent few decades(3). Here, each group of contours represents the 187 

ΔCanthro corresponding to a historical atmospheric CO2 increase in different water masses. 188 

On the slope, the GS water-mass age is within one year because it is in the surface and 189 

upper water column(44, 45). Therefore, under full air-sea equilibrium, we estimated that 190 

the GS water with high salinity and TA should have taken up about 26 µmol kg-1 of 191 

ΔCanthro between 1996 and 2018 when the pCO2air increased from 363 to 408 ppm (Fig. 3, 192 

red circles and solid arrow), which is compatible with the eMLR-derived ΔCanthro of ~26 193 

± 2 µmol kg-1 (table S5).  194 

The deep uNADW, originated from the Labrador Sea by winter-time convection(46), 195 

takes about 18-22 years for the surface Labrador Sea water to subduct to 1000 m depth 196 

and move to the MAB region along isopycnals(46). Therefore, the uNADW ΔCanthro 197 

accumulation signal from 1996 to 2018 actually reflected the air-sea exchange state of the 198 

Labrador Sea surface seawater around two decades before the respective survey times. 199 

Theoretically, ΔCanthro accumulation in the uNADW should be about 16 µmol kg-1 for the 200 

20-year period when pCO2air increased from 330 ppm in 1976 to 364 ppm in 1998 (Fig. 3, 201 

the blue circles and solid arrow). However, not all uNADW in this region is newly 202 

convected(46), and thus the actual ΔCanthro could be lower. Our eMLR-derived ΔCanthro (16 203 

± 3 µmol kg-1, table S5) from observational data closely matches this theoretical 204 

prediction within uncertainties. Finally, the AAIW+ water originated from the Antarctic 205 

has a water mass age of at least 50 years(47). As pCO2air increase was small (~ 7 ppm or 206 

less) during a 22-year time span in the mid or early part of the 20th century(48), the 207 

ΔCanthro accumulation rate is very low and indistinguishable from the uncertainty of 208 

estimation.  209 

Anthropogenic carbon accumulations in shelf waters 210 
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For the shelf water (water depth < 200 m), we used the same approaches (regional eMLR 211 

approach in the subsurface and constant ΔpCO2 method in the surface) to evaluate 212 

ΔCanthro. We also tested other methods of estimating ΔCanthro in the surface layer, though 213 

variance is shown in ΔCAnthro content in low salinity water, they all generated similar 214 

distribution pattern and conclusions (Supplementary Material section 4). Vertically, we 215 

found that the ΔCanthro is higher in the surface (σ < 24) than in the subsurface (Fig. 4A – 216 

4D). Horizontally, the most distinguished feature is a decreasing ΔCanthro from offshore to 217 

nearshore. Thus, both cross-shelf mixing and air-sea CO2 exchange are important factors 218 

influencing the distribution of Canthro in continental shelf waters. 219 

The relationship between salinity and ΔCanthro (Fig. 4E) can be used to separate water 220 

mass mixing and ΔCanthro storage and to explore the mechanisms behind the complex 221 

distribution pattern of shelf water ΔCanthro. Once a water parcel leaves the surface and is 222 

isolated from the atmosphere, its ΔCanthro is mainly affected by the water's physical 223 

mixing and can be considered quasi-conservative. Thus, in the subsurface, a triangle 224 

shape distribution of ΔCanthro against salinity (red triangle in Fig. 4E) indicates a three 225 

end-members mixing of the low-salinity nearshore water from estuaries, the mid-salinity 226 

southward alongshore LC water, and the high-salinity northward GS water. Interestingly, 227 

the two coastal end-members have distinctly different ΔCanthro (fig. S7). The alongshore 228 

LC water has ΔCanthro of 17 ± 4 µmol kg-1 (Fig. 4E, table S5), matching our theoretical 229 

ΔCanthro estimation of ~19 µmol kg-1 from 1996 to 2018 at S = 33, T =10°C (Fig. 3, blue 230 

square). However, in stark contrast, the nearshore low salinity end-member originated 231 

from local estuaries and wetlands (S < 30, T = 25°C) has a near-zero ΔCanthro (6 ± 7 µmol 232 

kg-1, Fig. 4E and table S5) between 1996 and 2018, which greatly deviates from the 233 

ΔCanthro estimation of 20 µmol kg-1 under air-sea gas equilibrium assumption.   234 

A near-zero ΔCanthro in the nearshore subsurface water from estuaries can first be 235 

attributed to two characteristics of its source water when it is on the surface: 1) high sea 236 

surface pCO2 and low buffer capacity, and 2) short water residence time. We again 237 

illustrate and explain the control mechanism on the Canthro – pCO2sw space (Fig. 3), 238 

focusing on surface water with high pCO2. The increase of DIC caused by the same 239 

pCO2air increase becomes smaller when the water pCO2sw is higher and water’s buffer 240 

capacity is lower (Fig. 3, represented by the changing slopes of the contours). For 241 

example, high seawater pCO2 (500 ppm) in the low salinity nearshore water can only 242 

allow a small amount of ΔCanthro accumulation (~12 µmol kg-1) corresponding to the 45 243 

ppm atmospheric CO2 increase between 1996 and 2018 (Fig. 3, red squares and dark red 244 

solid arrow). In addition, the short water residence time also limits ΔCanthro storage in the 245 

nearshore waters. Near the estuarine mouth, the water residence time is usually short (10 246 

-100 days)(49–51), which causes a faster DIC exchange with the end-member waters (here 247 

we used a mixture of estuarine water and the offshore water). We simulated the effect of 248 

residence time using a simple 1-D box model, which assumes constant physical, 249 

chemical, and biological parameters but allows the pCO2air to increase under a suite of 250 

different mixing scenarios from the marine-dominant case (10% estuarine and 90% 251 

marine) to the estuarine-dominant case (90% estuarine and 10% marine) (see Method, 252 

fig. S8). The simulation results illustrated that ΔCanthro in 10-day and 100-day residence 253 
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time scenarios can accumulate only about 20% and 40%, respectively, of the ΔCanthro 254 

values with the infinitely long residence time scenario derived from the estuarine-255 

dominant case (Fig. 3, yellow and orange arrows, fig. S8). 256 

In the surface water, the ΔCanthro, though also decreasing with the salinity decrease, is 257 

higher than the subsurface ΔCanthro in the low salinity end, which indicates that other than 258 

water-mass mixing, an extra source contributes to the surface water Canthro (Fig. 4E). If 259 

we average the subsurface ΔCanthro at the same salinity and consider it as a baseline from 260 

the conservative mixing of the open ocean water and a composite end-member of low 261 

salinity waters (Fig. 4E dashed red line), then the difference between the observed 262 

surface ΔCanthro and the mixing line reflects the accumulated extra ΔCanthro from local 263 

atmospheric CO2 uptake within the shelf (Fig. 4E, black hollow arrow). We estimated 264 

that the volume-integrated surface mixed layer ΔCanthro inventory change is about 0.018 265 

Tg C yr-1 (or 0.6 mgC m-2 yr-1 if taking the averaged mixed layer depth as 20 m) in the 266 

MAB. Compared to the mixing line, the local air-sea gas exchange would contribute an 267 

additional 63 % anthropogenic CO2 accumulation in the surface water (0.018-268 

0.011)/0.011 × 100% = 63% where 0.011 Tg C yr-1 represents the conservative mixing 269 

baseline value).  270 

Discussion  271 

Our results provide the first solid evidence in constraining the anthropogenic carbon flux 272 

in the continental shelf realm based on the long-term oceanic observational dataset. This 273 

observational conclusion further clarifies and fortifies the existing continental shelf 274 

carbon budget analyses, previously only reliant on models, mass balance analysis, and 275 

conceptual frameworks. 276 

First, the derived near-zero ΔCanthro in the low salinity nearshore water (Fig. 4) indicates 277 

that the contribution of the ΔCanthro from estuaries and wetlands to the shelf is rather 278 

limited. The ΔCanthro could be negative when it is extrapolated to an even lower salinity 279 

(Fig. 4 and Fig. 5). This conclusion supports the mass balance analysis results of Regnier 280 

et al.(20) that net Canthro flux from estuaries and wetlands to the continental shelf is 281 

essentially zero and can be negative (0.05±0.10 PgC yr-1) as the riverine Canthro flux 282 

(0.10±0.05 PgC yr-1) is counter balanced by the reduced wetland area and its associated 283 

carbon loss and reduced CO2 uptake from the atmosphere within the past few decades. 284 

This notion is supported by the report that the North America has a wetland loss rate 3 285 

times of its growth rate(52). This conclusion is also consistent with another  global river 286 

analysis which suggests no obvious change of riverine carbon export during the 20th 287 

century(21). The possibility of the estuaries being a site of reduced/removing Canthro 288 

uptake requires additional independent assessments but, if proven to be true, it will have 289 

important ramifications for global carbon cycle studies under a changing climate, in 290 

particular in the context of current interest in considering coastal wetlands and estuaries 291 

zone as viable storage reservoirs for carbon dioxide removal (CDR)(53).  292 

Another insight from our study worthy of further exploration is the fate of Canthro from the 293 

local atmospheric CO2 uptake. Here we first quantify that the volume-integrated total 294 

anthropogenic carbon inventory change rate is about 0.055 Tg C yr-1
 in the MAB shelf, 295 
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which is only about 3.4% of total air-sea CO2 uptake (1.6 Tg C yr-1) (see Methods) (Fig. 296 

5). Assuming that the air-sea Canthro flux is 30% -70% of the total air-sea flux (15, 18, 20, 297 

54, 55), then we can conclude that only 5% - 11% the air-sea Canthro flux is accumulated 298 

in the water column and that the majority of Canthro (89% - 95%) must be exported to the 299 

open ocean. Even if we take the perturbed particulate organic carbon (POC) burial 300 

estimations into consideration (10% - 22%, twice of the Canthro in the water column)(17, 301 

20, 56),  the majority of Canthro uptake (68% - 85%) would still be exported. This 302 

observation-based conclusion agrees with the model result of Bourgeois et al(18), though 303 

our export percentage is even higher (Fig. 5). We further simulated the Canthro 304 

accumulated in the water and the Canthro uptake from the atmosphere using the same 1-D 305 

box model assuming pCO2air increase is the only driver under a suite of different mixing 306 

scenarios (See Method). The box model simulation also suggested that only 4% - 28% of 307 

Canthro uptake through air-sea flux is accumulated within the shelf due to its limited 308 

volume and relatively short water residence time. The majority of this local gas-309 

exchange-induced Canthro (72% - 96%) is exported to the open ocean in the MAB (Fig. 5). 310 

Therefore, we further concluded that while the continental shelf is not efficient in 311 

accumulating Canthro, it is highly efficient in exporting its locally absorbed anthropogenic 312 

CO2 from the atmosphere to the open ocean and thus may play a critical role in the ocean 313 

acidification pathway.  314 

Our observation-based findings address the questions of how and how much ΔCanthro is 315 

accumulated in the coastal region and where it comes and goes, and substantiated recent 316 

assessments from numerical models, mass balance exercises, and conceptual frameworks. 317 

Our conclusions will also have implications for setting up or verifying boundary 318 

conditions in regional and global carbon cycle models and budgets(57). Though some 319 

previous studies have shown that Canthro accumulations in coastal regions can be 320 

influenced by overturning circulations(58), water ventilation(59, 60), upwelling(61) and 321 

water buffer capacity(62), our study specifically addresses the Canthro accumulations 322 

mechanism in an open continental shelf with substantial influences from the terrestrial 323 

and estuarine sources and the open ocean. However, the coastal region is diverse and 324 

dynamic with local features. Consequently, accurately quantifying the contribution and 325 

storage percentage of ΔCanthro in different types of continental shelves globally (FCS, Fig. 326 

5) remains challenging, given these complexities, but are highly needed. Our study only 327 

examined one example of using high-quality summer coastal cruises to conduct 328 

independent and high-resolution Canthro estimation and inventory changes. The coastal 329 

cruises usually have higher temporal and spatial sampling frequency, which can reveal 330 

the region-specific Canthro features and detect Canthro evolution. The method established 331 

and validated in this study can potentially be used in different coastal regions and 332 

enhance the understanding of past, present, and future coastal Canthro changes. Especially 333 

relevant and timely, the application of this method can benefit the understanding of 334 

coastal Canthro dynamics, which is critical to evaluating and verifying the efficacy of the 335 

various marine CDR strategies in the following decades. 336 

We also advocate that future research should quantify and understand the contributions of 337 

anomalous CO2 fluxes (that is non-steady state changes) from estuaries to the continental 338 

shelf (FEC, Fig. 5) (see Supplemental Material section 1 and 2) due to the changes in the 339 
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wetland area, nutrient concentration, increased chemical weathering under anthropogenic 340 

pressure and climate change stresses(12, 22, 63), and terrestrial organic and inorganic 341 

carbon inputs forced by hydrological cycle (e.g., wet vs. dry years, extreme events, 342 

damming and etc.(64)) and coastal currents, which may substantially alter the Canthro 343 

accumulation in rates and status on a regional scale. For example, anthropogenic 344 

activities have increased the net fluxes/burial of mud-associated organic carbon in some 345 

coastal environment but probably lead to a net decrease in coastal wetlands(52, 64). Even 346 

though most Canthro estimations have assumed that Canthro does not interact with organic 347 

carbon cycle (65), there are exceptions in this assumption, such as in the consideration of 348 

ocean acidification (OA) caused by the Canthro, one also considers how OA modifies the 349 

natural carbon cycle and what are their synergistic impacts(31, 66–68). This will need 350 

further clarification on whether the low ΔCanthro from the estuarine has been transformed 351 

into other forms of carbon and stored within the estuaries before it is exported to the 352 

continental shelf. A further collection of long-term and high-quality observational data 353 

and improvement of realistic and high-resolution global and regional coastal ocean 354 

models, and development of methodology in quantifying the component of non-steady 355 

state carbon and its interaction with climate change trend are clearly needed to validate 356 

and improve our conclusions and implications. With more high-quality and 357 

comprehensive data available in coastal oceans in the coming decade, we will be able to 358 

piece together a more complete picture of the contributions of the coastal ocean in 359 

anthropogenic carbon storage, ocean acidification, the global carbon cycle.  360 

 361 

 362 

Materials and Methods 363 

1.Data source 364 

We used data from five research cruises in the Mid-Atlantic Bight (MAB) conducted in 365 

the summer of 1996 (Ocean Margin Program, OMP Cruise, 366 

http://po.msrc.sunysb.edu/omp/)(36), 2007 (Gulf of Mexico Ecosystem and Carbon Cycle 367 

Cruise 1, GOMECC1, https://www.aoml.noaa.gov/ocd/gcc/GOMECC1/), 2012(Gulf of 368 

Mexico Ecosystem and Carbon Cycle Cruise 2, GOMECC2, 369 

https://www.aoml.noaa.gov/ocd/gcc/GOMECC2/), 2015 (East Coast Ocean Acidification 370 

Cruise 1, ECOA1), and 2018 (East Coast Ocean Acidification Cruise 2, ECOA2, 371 

https://www.aoml.noaa.gov/ocd/gcc/ECOA/) (fig. S1 and table S1). Except for the 1996 372 

cruise, we are part of the team that collected the data under the auspice of the Ocean 373 

Acidification Program (OAP), National Oceanic and Atmospheric Administration 374 

(NOAA).  375 

Samples for dissolved inorganic carbon (DIC), total alkalinity (TA), oxygen (O2), and 376 

dissolved inorganic nutrients (nitrate and nitrite (N), phosphate (P), silicate (Si)) were 377 

sampled from Niskin bottles. Salinity, temperature, and pressure data were from 378 

conductivity, temperature, and depth (CTD) sensors. In this work, DIC samples were 379 

measured by coulometric titration and TA was measured by acidimetric titration using the 380 

open-cell titration method. DIC and TA were checked or calibrated daily against 381 

Certificated Reference materials from Dr. Andrew Dickson’s laboratory at Scripps 382 

Institution of Oceanography. The overall uncertainties of DIC and TA measurements 383 

http://po.msrc.sunysb.edu/omp/
https://www.aoml.noaa.gov/ocd/gcc/GOMECC1/
https://www.aoml.noaa.gov/ocd/gcc/GOMECC2/
https://www.aoml.noaa.gov/ocd/gcc/ECOA/
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were within 0.1%. The precision and accuracy details on all physical and chemical 384 

parameters sampled can be found in each cruise report and have been archived 385 

(https://www.ncei.noaa.gov/access/ocean-carbon-acidification-data-system-portal/).  386 

We assessed the cruise-to-cruise measurement biases by comparing crossover deep 387 

stations (table S2) and by comparing the hydrographic parameters from the same water 388 

mass (fig. S5, S6). Since previous studies have proven that the GOMECC and ECOA 389 

cruise are consistent and comparable to the GLODAP data(69, 70), we especially 390 

compared the deep stations from the OMP cruises with the GLODAP stations (depth 391 

>1000 m) within 1° × 1° grid and 200 m depth differences. The hydrographic data 392 

differences between OMP and GLODAP are similar to the comparison of deep stations 393 

between Coastal Ocean Data Analysis Production in North America (CODAP-NA) and 394 

GLODAP data. In the deep-water masses (AAIW+ and uNADW), we found no statistical 395 

differences except silicate concentrations. Sensitivity analysis shows that the differences 396 

in these hydrographic parameters have little influence on ΔCanthro and thus do not 397 

undermine our conclusions (see Method Section 2.1). 398 

2. Anthropogenic carbon changes (ΔCanthro) determination 399 

A critical concept of interpreting present ocean interior DIC storage is to divide it into 400 

natural and anthropogenic carbon components(71). The natural component is the ocean 401 

DIC pool (Cnatural) that exists in preindustrial time while the anthropogenic component 402 

(Canthro) represents the perturbation by human activities(65). For a DIC content difference 403 

(ΔDIC) between two times (t1 and t2), it includes the changes caused by the 404 

anthropogenic carbon increase (ΔCanthro) alone and natural variability (ΔCnatural)(43). Thus 405 

ΔCanthro is defined as: 406 

ΔCanthro(t2−t1) = DICt2
− DICt1

 − ΔCnatural(t2−t1) (1) 407 

Both ΔCanthro and ΔCnatural can be further separated into steady-state and non-steady-state 408 

components(72). The steady-state components represent the change of DIC in the absence 409 

of climate variability(73) while the non-steady-state components emerges from varying 410 

climate yet atmospheric CO2 is unchanged(65). Following this definition, the natural 411 

steady-state variation is assumed to be zero when a sufficiently long time is given(73) 412 

whereas the natural non-steady-state variation contributes the most of ΔCnatural(t2−t1). 413 

The steady-state ΔCanthro is the direct ocean response of atmospheric CO2 increase only 414 

while the non-steady-state is anthropogenic CO2 modified by other the climate changes 415 

(See details in Supplemental Material session 1). 416 

Most methods of Canthro estimation only constrain the steady state component(72). 417 

However, ΔCanthro from extended multiple linear regression (eMLR) method cannot be 418 

easily defined. This eMLR method is used in the subsurface and may capture some non-419 

steady-state signals based on a study of model-generated synthetic data.(73) Notably, 420 

ΔCanthro from eMLR depends on some important assumptions, e.g. constant coefficients 421 

of natural components, small hydrographic variability and etc., (see the discussion by 422 

analytical analysis on decomposing the coefficients of eMLR in Supplemental Material 423 

Section 1 and 2). We validate these assumptions with observation data during our 424 

application of eMLR (see details in Method 2.1). The surface ΔCanthro calculation is more 425 

https://www.ncei.noaa.gov/access/ocean-carbon-acidification-data-system-portal/
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challenging in the coastal regions as strong seasonality and air-sea gas exchange make 426 

the establishment of eMLR in the surface mixed layer difficult and the results not 427 

reliable. The observed ∆pCO2 climatology change can only capture the overall DIC pool 428 

changes(74). The widely adopted constant DIC disequilibrium (∆TCO2) method and 429 

constant ΔpCO2 method(3) can estimate the steady-state component but not include non-430 

steady-state component (see detailed discussions in Method 2.2 and Supplemental Material 431 

Section 3 and 4). 432 

All Canthro methods have caveats, especially if they are applied in the coastal ocean. We 433 

expect that non-steady state component of ΔCanthro would play a more important role in 434 

the coastal region relative to the open ocean, which can be influenced by the changes of 435 

nutrient concentration, biological process shifts, terrestrial organic and inorganic carbon 436 

inputs, chemical weathering under anthropogenic stress. We discussed the influences of 437 

these factors on subsurface and surface ΔCanthro estimation in Supplemental Material 438 

Section 2 and Section 4, respectively. Therefore, we recommend careful evaluations of the 439 

methodology before using any Canthro estimations in coastal regions. 440 

2.1 Subsurface ΔCanthro determination and uncertainty analysis 441 

We determined the subsurface ΔCanthro increase rate using a time series analysis on the 442 

ΔCanthro calculated from the eMLR method with interaction term in the coastal region 443 

(regional eMLR)(42). The eMLR method has been broadly applied to the repeated 444 

transects in the open ocean(29, 30, 75–77). However, such a method has not been used to 445 

constrain ΔCanthro in coastal areas due to limited long-term observations and complex 446 

natural processes that may mask part of the anthropogenic signals and lead to large 447 

uncertainties in the ΔCanthro estimates. Recent papers in the coastal regions have 448 

successfully built regional multiple linear regression (MLR) with interaction terms that 449 

can reconstruct the carbonate parameters with a high coefficient of determination (R2)(78–450 

82), which provides a solid foundation to apply. 451 

The first step of the regional eMLR method is to build regional MLR models separately 452 

for five different cruises from 1996 to 2018. Here, we built MLR models following the 453 

steps in Li et al(70). To avoid the collinearity among the predictor variables and their 454 

interaction terms, all terms that lead to variance inflation factors (VIF) > 10 were 455 

excluded from the model. The combinations of T, S, O2 and Si were chosen as the 456 

predictor parameters to build the MLR function because they deliver the smallest VIF 457 

values. We excluded water depth < 20 m since the summertime mixed layer depth in the 458 

U.S. East Coast is less than 20 m(83). The lower limit was set at 2000 m because the 459 

residuals began to shift with a trend in the deep layer (Fig. S9) and model performance 460 

deteriorated. To perform the eMLR method among different cruises, all models in 461 

different cruises must have the same predictor terms in the model for all cruises and 462 

O2×Si is the only interaction term. Therefore, the final model equation for all cruises is, 463 

DIC(𝑡𝑖) = X(𝑡𝑖)C(𝑡𝑖)                                                               (2) 464 

X(𝑡𝑖) represents the anomalies (measured values subtract the mean) of input matrix of 465 

hydrographic data (i.e., salinity, temperature, O2, and Si) and C(𝑡𝑖) is the matrix of 466 

intercepts and coefficients (table S3), 467 
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C(𝑡𝑖)  =  [𝛼(𝑡𝑖) 𝛽1,(𝑡𝑖) 𝛽2,(𝑡𝑖)    𝛽3,(𝑡𝑖) 𝛽4,(𝑡𝑖) 𝛾(𝑡𝑖)  ]
𝑇
                        (3) 468 

The final regression equation is, 469 

DIC =  α +  β1(T − T𝑚) + β2(S − S𝑚) + β3(O2 − O2𝑚) + β4(Si − Si𝑚)470 

+ γ(O2 − O2𝑚) × (Si − Si𝑚) 471 

(4) 472 

where Xm values are the mean of each data group (table S4). 473 

To perform eMLR, we set 1996 as the reference year (t1). Thus, ΔCanthro indicates the 474 

amount of anthropogenic carbon accumulated between any year (ti) and the reference 475 

year (t1), 476 

ΔCanthro,(𝑡𝑖) = X(𝑡𝑖)(C(𝑡𝑖) − C(𝑡1))                                            (5) 477 

Here i = [2,3,4,5] represents the time point of 2007, 2012, 2015 and 2018 cruise. Then we 478 

conducted a regression of the time and ΔCanthro to derive the increasing rate of ΔCanthro in 479 

different water mass. 480 

There are a few assumptions in the application of the eMLR method, e.g., no temporal 481 

changes of relationship between predictive and predicted parameters in the natural 482 

components, small differences in the residuals between any two MLRs, and limited 483 

effects of hydrographic parameter variation on ΔCanthro estimation. We examined these 484 

assumptions of eMLR and re-confirmed their validity in our study areas by conducting 485 

uncertainty analyses (see more discussion in Supplemental Material, sections 1 and 2). 486 

We especially tested the influence of hydrographic parameter changes on anthropogenic 487 

carbon by setting 2018 (instead of 1996) as the reference year and calculated ΔCanthro 488 

increase from 1996 to 2018 (Fig. S10). The ΔCanthro increase in different water masses 489 

shows similar results as those from setting 1996 as the reference year (Fig. 2).  490 

We quantitatively estimated the uncertainties in the ΔCanthro that arose from the MLR and 491 

eMLR models. The uncertainties in the MLR models come from the statistical model, the 492 

measurement uncertainty of response carbonate parameters and inputs(73, 84–86). We 493 

combined these errors as the square root of the sum to evaluate the overall uncertainties 494 

(Eest)(70). 495 

𝐸𝑒𝑠𝑡 =  √𝐸𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒
2 + 𝐸𝐼𝑛𝑝𝑢𝑡

2 + 𝐸𝑀𝐿𝑅
2                                         (6) 496 

Here, Eresponse represents DIC measurement uncertainties in the whole data set (0.1%). 497 

The Einput is the uncertainty of the input parameters propagated in the regression, which 498 

can be calculated as √∑ (𝑈𝑖𝛽𝑖)
2𝑛

𝑖=1 . Ui is the i-th input uncertainties of the predictor 499 

properties. We set the Ui values 0.005, 0.005°C, 1% and 2% for S, T, O2, and Si 500 

respectively(87, 88). The 𝛽𝑖 terms are the i-th regression coefficients in the MLR models. 501 

EMLR refers to the model root mean square error (table S3). In addition, we conducted a 502 

sensitivity analysis on how much the change of hydrographic data from time one to time 503 

two affects the ΔCanthro. We used the mean differences of hydrographic parameters in 504 

AAIW+ and uNADW water among the five cruises as input sensitivity tests (Figure S5). 505 
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Besides, the sea surface T and S change in the MAB is about 0.2°C and 0.2 S(89, 90). Our 506 

results suggest that changes of 0.2°C, 0.2 S, 10 µmol kg-1 of O2, and 3 µmol kg-1 of Si 507 

correspond to a ΔCanthro change of 1.6 ± 0.5 µmol kg-1, 2.4 ± 0.4 µmol kg-1, 3.0 ± 0.4 508 

µmol kg-1
 and 2.5± 1.9 µmol kg-1, respectively. 509 

We also tested the model robustness by substituting Si with N or P in the combination of 510 

predictors in the eMLR(86). We evaluated the mean ΔCanthro (ensemble MLR method(30) ) 511 

and compared the ΔCanthro from different models to estimate the uncertainty ranges 512 

caused by the choice of different parameters (table S5 and Fig. S11). The ensemble 513 

eMLR also derived similar ΔCanthro increase rates as shown in eMLR approach (table S6). 514 

Finally, to validate the overall accuracy of our algorithm, we applied our regional eMLR 515 

method to a dataset with known Canth additions to test if it can capture the low Canthro 516 

especially in the low salinity waters (Fig. S12). 517 

2.2 Surface ΔCanthro determination and uncertainty analysis 518 

The surface ΔCanthro calculation is more challenging in the coastal regions as strong 519 

seasonality and air-sea gas exchange make the establishment of eMLR in the surface 520 

mixed layer difficult. In the previous studies, several approaches are used for calculating 521 

surface ΔCanthro: 1) Extend the eMLR coefficients derived from the subsurface layer to 522 

the surface(91); 2) Constant DIC disequilibrium (ΔTCO2) method(31), and 3) Constant 523 

ΔpCO2 method(3). In this paper, we adopted the constant ΔpCO2 method because it takes 524 

the seawater initial pCO2 and buffer capacity into consideration(31), especially in the 525 

nearshore regions where pCO2 is high and mainly driven by biological fluxes(92, 93). We 526 

also examined and compared with the surface ΔCanthro derived from other methods (in the 527 

session and in Supplementary Material section 3 and 4). 528 

For convenience, we start with known pCO2(t2), DIC(t2), and TA(t2) and estimate the 529 

CO2 state of in the past (t1). For the constant ΔpCO2 method, we assumed that the 530 

gradient between pCO2sw and pCO2air is constant during the study period (Δ𝑝CO2(𝑡1) =531 

 Δ𝑝CO2(𝑡2)) under instantaneous equilibrium assumption. Thus, the estimated seawater 532 

pCO2 at time t1 is, 533 

𝑝CO2(𝑡1),𝑠𝑤,𝑒𝑠𝑡 =  𝑝CO2(𝑡1),𝑠𝑤,𝑒𝑞 + Δ𝑝CO2(𝑡2)                         (7a) 534 

Here, pCO2(t1), sw, eq is the surface seawater pCO2 in equilibrium with the atmosphere at 535 

time t1.  The estimated DIC at time t1 is calculated as, 536 

DIC(𝑡1),𝑒𝑠𝑡 =  𝑓(𝑝CO2(𝑡1),𝑠𝑤,𝑒𝑠𝑡 , TA(𝑡2))    (7b) 537 

Then, ΔCanthro in the surface layer is calculated as, 538 

ΔCanthro = DIC(𝑡2),𝑜𝑏𝑠 − DIC(𝑡1),𝑒𝑠𝑡       (8) 539 

where DIC(𝑡2),𝑜𝑏𝑠  is the observed DIC at time t2. The constant ΔpCO2 assumption may not 540 

be validate for the coastal regions as suggested by previous studies (16, 17) that the coastal 541 

regions, e.g., MAB, are a growing CO2 sink. However, the 22-year time span is not long 542 

enough to detect the surface anthropogenic pCO2sw signal changes based on the time of 543 

trend emergence analysis (Supplemental Materials, Section 3).We are aware that the 544 

constant ΔpCO2 method is not perfect for mixed layer ΔCanthro estimation and highly 545 
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influenced by the seasonality, yet it provides a credible range of ΔCanthro in the surface 546 

layer and the uncertainty is assessed to be acceptable (Supplementary Material section 4).  547 

In addition, we compared the surface ΔCanthro estimations to two other approaches: 1) 548 

extending eMLR coefficients from subsurface to surface, and 2) constant ΔTCO2 method. 549 

At high salinity end (S>35), all methods gave similar ΔCanthro as the constant ΔpCO2 550 

method. At low salinity (S<32), we got smaller ΔCanthro values when 1) extending eMLR 551 

coefficients from the subsurface (Fig. S13) and larger ΔCanthro values when 2) applying 552 

constant ΔTCO2 method (Fig. S13). The results of the constant ΔpCO2 method fall within 553 

the range of the ΔTCO2 method and that by extending eMLR coefficients to surface 554 

waters. Results from ΔTCO2 delivered relative conservative results as it does not take 555 

seawater pCO2 into consideration(31, 32). Note that if we use the constant TCO2 556 

approach, the air-sea pCO2 gradient and flux will become greater with time, whereas air-557 

sea pCO2 gradient and flux remain the same in the constant pCO2 (see Methods). 558 

Nonetheless, all methods show a decreased ΔCanthro from the open ocean towards the 559 

nearshore. Further details and estimations of surface ΔCanthro from different methods can 560 

be found in the Supplemental Material section 4. 561 

 562 

3. Carbon budget calculation  563 

To quantify the Canthro flux across the land-ocean interface, we calculated the coastal 564 

Canthro accumulation inventory and air-sea gas total flux using observation data. The air-565 

sea CO2 flux of the MAB is calculated as follows(94): 566 

                                       𝐹𝐶𝑂2 = 𝑘𝐾0(𝑝𝐶𝑂2𝑠𝑤 − 𝑝𝐶𝑂2𝑎𝑖𝑟)      (9) 567 

where k = 0.251 × U10 × (Sc/660)−0.5 is the gas transfer velocity calculated from wind 568 

speed at 10 m (U10) from ERA5 monthly averaged data on the sea surface  (0.25° × 0.25° 569 

gridded, https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5) and the 570 

Schmidt number (Sc), K0 is the CO2 gas solubility(95). pCO2air is calculated using CO2 571 

mole fractions (xCO2, dry air) from the National Oceanic and Atmospheric 572 

Administration (NOAA) Greenhouse Gas Marine Boundary Layer Reference (MBL 573 

Reference, https://gml.noaa.gov/ccgg/mbl/mbl.html) by assuming saturated water vapor 574 

on the sea surface. The monthly climatology of FCO2 during 1996-2018 in the MAB is 575 

calculated and then averaged to annual climatology. The FCO2 climatology is multiplied 576 

by the surface area of the MAB (1.12 × 105 km2) to get the total amount of CO2 absorbed 577 

by the ocean.  578 

We computed the ΔCanthro inventory changes by multiplying ΔCanthro by the shelf water 579 

volume. In the surface, we averaged the ΔCanthro values at every 0.5 salinity interval and 580 

matched them to the decadal averaged surface summer data from World Ocean Atlas 581 

2018 (WOA18, 0.25° × 0.25° gridded, standard depth interval, decadal periods of 1995-582 

2017,  https://www.ncei.noaa.gov/archive/accession/NCEI-WOA18). We took 20 m as 583 

the surface mixed layer depth (MLD)(83). For the subsurface, we linearly interpolate the 584 

ΔCanthro in the dimension of T and S and then matched the interpolated ΔCanthro to the 585 

grided decadal averaged summer T, S data from WOA18. Then, we summed all the grids 586 

together to calculate the subsurface Canthro inventory changes. For the carbon inventory of 587 

https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://gml.noaa.gov/ccgg/mbl/mbl.html
https://www.ncei.noaa.gov/archive/accession/NCEI-WOA18
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the box model, we simply interpolated the box modeled ΔCanthro of different cases by S 588 

and matched them to the World Ocean Atlas S data. 589 

4. Box Model simulations 590 

To investigate the influence of residence time on the atmospheric CO2 uptake and 591 

accumulation, we used an idealized 1-D model to simulate the ΔCanthro accumulation in 592 

the continental shelf driven by the atmospheric CO2 change. We assumed a constant rate 593 

of net community production (NCP) and constant physical mixing rates. Although such a 594 

simplified model cannot sufficiently simulate all observations, we expect the model to 595 

capture and illustrate the most important control mechanism in coastal ocean CO2 uptake, 596 

storage, and export. The model included a coastal water box with various residence times 597 

(10 to 100 days), and two external sources: estuarine and open ocean inputs. The 598 

simulation steps, parameter choices and initial conditions are introduced below (Table 599 

S7). 600 

We set the simulation time step as one day. For each time step, DIC concentration in the 601 

coastal box was calculated as, 602 

DIC𝑡+1 = DIC𝑡 +  ∆DIC𝑡,(𝑝ℎ𝑦) + ∆DIC𝑡,(𝑏𝑖𝑜) + ∆DIC𝑡,(𝑔𝑎𝑠)                         (10) 603 

where ∆DIC𝑡,(𝑝ℎ𝑦), ∆DIC𝑡(𝑏𝑖𝑜), and ∆DIC𝑡,(𝑔𝑎𝑠) represent the DIC changes induced by 604 

physical mixing of riverine and marine end-members, net photosynthesis and respiration, 605 

and gas exchange, respectively. ∆DIC𝑖,(𝑏𝑖𝑜)and ∆DIC𝑖,(𝑔𝑎𝑠) was calculated as, 606 

∆DIC𝑡,(𝑏𝑖𝑜) + ∆DIC𝑡,(𝑔𝑎𝑠) = (NCP + 𝐹CO2, t) / MLD                              (11) 607 

where the term FCO2, t is calculated following Equation (9)(94) assuming a climatological 608 

wind speed of 5.0 m s-1 at 10 m and the NCP is set as 2 mmol C m-2 d-1 for the coastal 609 

box model as high respiration scenario(96). The mixed layer depth for the coastal ocean 610 

box model is set as 20 m(83). The atmospheric pCO2 used throughout the simulation was 611 

converted from the adjusted xCO2 change from 1996 to 2018.  612 

It is difficult to calculate ∆DIC𝑡,(𝑝ℎ𝑦) directly. Instead, we considered the physical mixing 613 

process as the water in the coastal box is replaced by a mixture of estuarine inputs and 614 

open ocean inputs at a rate of j % (j = 1, 2, 5, 10) water per day following the water 615 

renewal time.  616 

DIC𝑡+1 = j % DIC mix,t + (1 − j) %  (DIC𝑡 + ∆DIC𝑡,(𝑏𝑖𝑜) + ∆DIC𝑡,(𝑔𝑎𝑠))                (12) 617 

The DICmix,t is calculated as  618 

DICmix,t = (𝑓𝑚𝑎𝑟𝑖𝑛𝑒 ∗ 𝐷𝐼𝐶𝑚𝑎𝑟𝑖𝑛𝑒,𝑡  + 𝑓𝑒𝑠𝑡𝑢𝑎𝑟𝑖𝑛𝑒 ∗ 𝐷𝐼𝐶𝑒𝑠𝑡𝑢𝑎𝑟𝑖𝑛𝑒  )                 (13) 619 

We set a series of different fractions of estuarine and marine end-member combinations 620 

(from 𝑓𝑚𝑎𝑟𝑖𝑛𝑒 = 0.1 to 𝑓𝑚𝑎𝑟𝑖𝑛𝑒 = 0.9 ) in the simulation (Fig. S8). DIC𝑚𝑎𝑟𝑖𝑛𝑒,𝑡 was 621 

calculated from the open ocean end-member. We chose water with properties of T = 622 

25°C, S= 36, TA = 2365 µmol kg-1 and pCO2 = 360 ppm (Gulf Stream surface water) as 623 

the open ocean end-member. The open ocean end-member DIC changes were calculated 624 

following Eq (10), which was driven by atmospheric CO2 increase under the condition of 625 

a balanced biological contribution (NCP) and physical mixing (i.e., CO2 removal by 626 
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positive NCP and supply by mixing compensate each other). We assumed water 627 

exchange between coastal and open ocean water would not affect the open ocean water 628 

chemical properties because the open ocean volume is assumed infinitely large. We chose 629 

the water with T =20°C, S = 28, TA = 2079.4 µmol kg-1, and pCO2 = 500 ppm (general 630 

case, Table S7) as the estuarine end-member (𝐷𝐼𝐶𝑒𝑠𝑡𝑢𝑎𝑟𝑖𝑛𝑒) and presumed it to be 631 

unchanged and not influenced by the atmospheric CO2 increase during the time of our 632 

concern due to low water buffer capacity and a small CO2 outgassing. With the new 633 

DICt+1, a new pCO2, t+1 was calculated with constant TA, T, S, and nutrients in CO2SYS 634 

(MATLAB version(97)). The new pCO2, t+1 is substituted into the simulation iteration to 635 

calculate ∆DIC𝑡,(𝑔𝑎𝑠) in the next time step.  636 

In addition, we ran another two sets of simulations with different estuarine pCO2 values: 637 

an extremely high sea surface pCO2 scenario (700 ppm) representing small estuaries like 638 

Hudson River and a relatively low pCO2 scenario (400 ppm) representing the large 639 

estuaries like Chesapeake Bay in the MAB (Fig. S14 and Table S7). All simulation 640 

results indicated that fast mixing processes and short residence time restrains sea surface 641 

pCO2 increase in the coastal box at a rate slower than both the atmospheric CO2 and open 642 

ocean box pCO2 increase (Fig. S8 and Fig. S14).  643 

 644 

 645 

  646 
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Fig. 1. Dissolved inorganic carbon (DIC) spatial distributions and decadal changes. The 1000 

depth profiles of DIC in the most southern transect (A) Chesapeake Bay (CB) and the most 1001 

northern (B) Massachusetts (MA) transect were exactly repeated in all five cruises from 1996 to 1002 

2018. DIC content increases from nearshore to offshore and increases with depth. The 1003 

temperature and salinity diagram (C) reveals the major water masses with distinct DIC content. 1004 

On the shelf, the nearshore The DIC content in the water column increases with time (D), 1005 

especially in the off-slope top 200 m of Gulf Stream (GS) water (fig. S1).  1006 

 1007 

 1008 

 1009 

 1010 

 1011 

 1012 

 1013 
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 1014 

 1015 

Figure 2.  Slope water ΔCanthro accumulation and increasing rate in different water masses. 1016 

(a) The vertical spatial distribution of ΔCanthro between 1996 - 2018 is listed from the north to the 1017 

south (right to left): Massachusetts Transect (MA), New Jersey Transect (NJ), Delaware Transect 1018 

(DE), and Chesapeake Bay Transect (CB). (b) The slope water ΔCanthro increasing rates between 1019 

1996 -2018 overlay on the salinity-temperature diagram. Slope water is colored by ΔCanthro 1020 

increasing rate while the shelf water is in grey. The hollow triangles are surface water (< 20 m) 1021 

while the solid ones are subsurface water (> 20 m). (c) The time series analysis of the increased 1022 

ΔCanthro (relative to 1996) in Gulf Steam (GS) water, upper North Atlantic Deep Water 1023 

(uNADW), and Antarctic and other intermediate water (AAIW+). The dashed lines are linear 1024 

regressions of ΔCanthro against time in different water masses (regression coefficients in Table 1025 

S6). 1026 

 
 
 
  
  
 
 

 

                   

  

  

     

     

                       

        

 
 
  
 
  
 
  
 
 
 
 
 
  
  
  
  
 
 

 
 
 
 
  
  
  
 
 
  
 
 
  
 

               



 

 
 

 

 

Science Advances                                               Manuscript Template                                                                           Page 28 of 32 

 

 1027 

 1028 

 1029 

Figure 3. Schematic representation of ΔCanthro accumulation mechanism in the coastal 1030 

ocean. This Canthro – sea surface pCO2 (pCO2sw) space was plotted with the assumption that the 1031 

air-sea pCO2 gradient has remained constant over the recent few decades. Three groups of 1032 

contours are the Canthro accumulation at the atmospheric CO2 level of 1976, 1996, and 2018, 1033 

respectively. In each group, the contours of different colors and line styles are Canthro of slope GS 1034 

water with average properties of S = 36, T = 25 °C, and TA = 2350 µmol kg-1 (red solid line), 1035 

uNADW (blue solid line, S = 35, T = 5 °C, and TA = 2300 µmol kg-1), nearshore water from 1036 

estuaries (red dash line, S = 30, T = 20°C, TA = 2000 µmol kg-1), and LC water (blue dash line, 1037 

at S = 33, T =10°C, TA =2200 µmol kg-1), respectively. The symbols and arrows represent the 1038 

ΔCanthro evolution in different waters. The ΔCanthro accumulation of slope water (round circles and 1039 

solid contours) depends on the water mass properties and water-mass age. The ΔCanthro 1040 

accumulation of shelf water (squares, dashed contours) is closely related to water chemical 1041 

properties and water residence time (100 days, orange arrow and 10 days, yellow arrows). See 1042 

more details in Method. 1043 
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 1044 

 1045 

Figure 4. Shelf water ΔCanthro spatial distribution and increasing rate between 1996 and 1046 

2018. The profile distribution of ΔCanthro between 1996 and 2018 in (a) CB, (b) DE, (c) NJ, and 1047 

(d) MA transect reveals a decreasing ΔCanthro from the offshore to the nearshore. (e) The 1048 

relationship between salinity and ΔCanthro in the subsurface (“+” symbol) indicates a three-1049 

endmember mixing (denoted by the red triangle) of GS water, LC water, and nearshore water 1050 
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from estuaries. The surface water ΔCanthro accumulation rates are estimated by the constant 1051 

ΔpCO2 method (“○” symbol). The red dashed line is the average of subsurface ΔCanthro by salinity 1052 

and extrapolated to the S = 30, which can be considered as a composite mixing line of the open 1053 

ocean end-member and a composite low salinity end-member. The black line is the average of 1054 

surface ΔCanthro. The differences between the two (as the black hollow arrow indicates) are 1055 

assigned as the accumulated ΔCanthro from the locally CO2 uptake on the shelf. 1056 
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 1058 

 1059 

 1060 

Fig. 5 The Canthro budgets of the Land to Ocean Aquatic Continuum (LOAC) loop model in 1061 

the MAB and global coastal region. (a) The concepts of LOAC is adapted from Regnier et al., 1062 
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(2022) and the yellow box indicates our research area, the continental shelf water, while the light 1063 

blue (left box) and dark blue (right box) indicate the estuaries-wetland box and open ocean box, 1064 

respectively. The numbers in black are present carbon flux from Regnier et al., (2022). The unit is 1065 

PgC yr-1. The red number or flux (F) indicates anthropogenic perturbations. FEC represents the 1066 

anthropogenic flux from estuaries to continental shelf; FAC from atmosphere to continental shelf; 1067 

FCO from continental shelf to ocean. FCS is the Canthro accumulated in the continental shelf box. (b) 1068 

The Canthro flux (F) and export percentage of the continental shelf box derived from this research 1069 

in the MAB (red numbers) and from other models or synthesis in global scale (blue numbers). 1070 

Here we further divided FCS into the Canthro accumulated in the water column (FCS_W) and buried 1071 

in sediments (FCS_S). 1072 

*  Observational results from this study. ** The Canthro air-sea gas flux is assumed to be ~ 30% -1073 

70% of the total air-sea flux (1.6± 0.3 Tg C yr-1) (15, 18, 20, 54, 55) 1074 

# One dimensional box model from this study based on different water residence time (10d, 20d, 1075 

50d, 100d). Details of the model are in the Methods. 1076 

⸹ Global ocean general circulation and biogeochemistry model (Nucleus for European Modelling 1077 

of the Ocean, Pelagic Interaction Scheme for Carbon and Ecosystem Studies) from Bourgeois et 1078 

al(18)  § 0.17 Pg C yr-1 is from Borges 2005(98) 1079 

+ Global coastal ocean flux and budget based on data synthesis of published work from Regnier 1080 

et al 2013(19) and Regnier et al 2022(20) 1081 

‡ In our MAB study (*), we assume the perturbed particulate organic carbon flux (FCS_S ) is about 1082 

the twice of the Canthro in the water column (FCS_W) (17, 20, 56) as the global synthesis by Regnier et 1083 

al 2022(20) (+). In the model studies (# and ⸹) , POC is not taken into consideration. 1084 

|| Fco = FAC + FEC – FCS, where FCS = FCS_W + FCS_S 1085 
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