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Abstract 17 

Estuarine carbon cycle and biogeochemical studies usually focus on along-estuary 18 

variations and neglect cross-estuary variations. In a stratified middle reach of the Chesapeake 19 

Bay, we observed a counterclockwise circulation and upwelling of subsurface water with high 20 

partial pressure of carbon dioxide (pCO2) on the eastern shoal during a down-estuary wind event 21 

from October 24 to 25, 2013. The average air-sea CO2 gas exchange flux over the eastern one-22 

third of this cross transect was approximately 20 to 40% higher, while the flux over the western 23 

1/3 was lower by a similar amount, compared with the middle section. A statistically strong 24 

correlation between pCO2 and salinity values was observed, suggesting the presence of a high 25 

CO2 source from the higher salinity bottom water. The observations suggest that wind-driven 26 

lateral upwelling can enhance the release of respired CO2 from subsurface water in stratified 27 

large estuaries by as much as 30% over a short time-scale of hours.  28 

  29 
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1 Introduction  30 

Globally, estuaries and bays cover an area that is only 0.03% of the total area of open 31 

oceans, but they remain an important part of the carbon cycle among land, ocean, and 32 

atmosphere [Raymond et al., 2000; Zhai et al., 2005; Hunt et al., 2014; Borges et al., 2015; 33 

Joesoef et al., 2015]. Most estuaries act as a source of carbon dioxide (CO2) for the atmosphere 34 

[Borges et al., 2006; Chen and Borges, 2009], returning a large part of the CO2 taken up by the 35 

land back to the atmosphere as carbon that is transported to the ocean along the land-ocean 36 

continuum. In contrast, continental shelves and open oceans are CO2 sinks [Chen and Borges, 37 

2009; Bauer et al., 2013]. The Chesapeake Bay, known for its autotrophic status due to 38 

anthropogenic nutrient input, is a good study site that is representative of eutrophic estuaries on 39 

the U.S. east coast and elsewhere.  40 

The partial pressure of CO2 (pCO2) is usually measured along the main axis of an estuary 41 

to capture the variations in air-sea CO2 fluxes across the longitudinal salinity gradient between 42 

its riverine and oceanic boundaries [Raymond et al., 2000; Zhai et al., 2005; Hunt et al., 2014; 43 

Borges et al., 2015; Joesoef et al., 2015]. Meanwhile, variations in CO2 fluxes in the cross-44 

channel direction are often neglected. However, strong lateral gradients in salinity, dissolved 45 

oxygen, and nutrient concentrations have been reported in previous observations [Boicourt, 1992; 46 

Lacy et al., 2003; Aristizábal and Chant, 2014]. In a similar vein, a lateral gradient and lateral 47 

circulation could significantly affect the CO2 fluxes over estuaries, but little is known about these 48 

effects. The cross-channel pCO2 variations can further lead to spatial uncertainties in estimating 49 

air-sea CO2 fluxes over estuaries.  50 

A riverine nutrient flux fuels a spring phytoplankton bloom from April to mid-May in the 51 

Chesapeake Bay [Malone, 1992]. Organic materials derived from sinking phytoplankton provide 52 

the substrate to support a robust microbial community, whose metabolic activities draws down 53 

dissolved oxygen to the hypoxic level (dissolved oxygen < 2 mg L-1) in the near-bottom water 54 

[Kemp et al., 1992, 2005; Hagy et al., 2004]. Hypoxia has been shown to be a source of 55 

dissolved inorganic carbon (DIC) and pCO2 [Cai et al., 2017; Hu et al., 2017]. Vertical mixing 56 

due to storms or the seasonal evolution of the surface mixed layer may facilitate the release of 57 

bottom DIC, as shown in other coastal oceans [Cai et al., 2011; Chou et al., 2011]. Other 58 



3 

 

physical mechanisms, such as wind-driven lateral upwelling, could also promote bottom DIC 59 

release in a stratified estuary.  60 

Wind-driven upwelling has been shown to affect biogeochemical cycling on continental 61 

shelves [Anderson et al., 2009; Lachkar, 2014]. Along-channel winds can also generate lateral 62 

Ekman flows and isopycnal movements in estuaries, leading to the upwelling or downwelling of 63 

bottom water and providing a potential pathway for nutrients and dissolved oxygen [Malone et 64 

al., 1986; Sanford et al., 1990; Wilson et al., 2008; Scully, 2010; Li and Li, 2012; Xie et al., 65 

2017c]. In a modeling study of Chesapeake Bay, Scully [2010] showed that the wind-driven 66 

lateral exchange between the deep-channel and shallow shoals may be more important than 67 

vertical mixing in ventilating the hypoxic bottom water. However, it remains unclear how this 68 

wind-driven upwelling mechanism affects CO2 dynamics. In particular, there have been very few 69 

measurements of CO2 in the Chesapeake Bay.  70 

With a rich record of physical and biogeochemical data, the Chesapeake Bay provides an 71 

ideal site to study the effects of physical processes on lateral variations in pCO2 and the impact 72 

on air-sea CO2 fluxes in large estuaries. This study reports repeated measurements of pCO2 at a 73 

cross-channel section in the middle of the Chesapeake Bay. Five moorings spanned a cross-74 

channel section in the mid-bay and provided continuous measurements of temperature, salinity 75 

and currents. To the extent of our knowledge, this is the first study to measure in situ physical 76 

quantities and pCO2 together across a stratified estuarine channel and interpret surface pCO2 77 

variations in the context of physical processes. Factors controlling pCO2 are discussed, and a 78 

conceptual model is presented to summarize the effects of wind driven lateral circulation on 79 

pCO2 variations in the estuary.  80 

 81 

2 Data and Methods  82 

We surveyed a small rectangular area (6 km and 1.2 km along the cross-channel and 83 

along-channel directions, respectively) in the middle of Chesapeake Bay on board the R/V Sharp 84 

(Fig. 1a), surrounding a line of moorings that had been deployed to measure physical properties 85 

[Fisher et al., 2015; Scully, 2016; Xie et al., 2017a, 2017b, 2017c]. The ship made 10 repeated 86 

surveys over a period of 16 hours on October 24-25, 2013 (hereafter we use D1 to D10 to 87 
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represent each survey). The vessel completed each circuit in ~90 minutes with an average speed 88 

of 5 knots. Surface-water temperature, salinity, and pCO2 were sampled via the ship’s pumping 89 

system with an inlet from ~1 m depth. Atmospheric pCO2 was sampled on top of the bridge of 90 

this ship. The value of pCO2 was measured by a flow-through system with a CO2 analyzer (LI-91 

COR 7000) (details described by Jiang et al., [2008] and Huang et al., [2015]). This pCO2 92 

system repeatedly measured 120 water samples after 10 air samples. The CO2 analyzer was 93 

calibrated by using four certified gas standards (197.45, 400.57, 594.65, and 975.26 ppm) every 94 

3.5 to 6 hours. These certified gas standards were referenced against standards traceable to the 95 

National Institute of Standards and Technology. As a result, we collected a total of 409 water 96 

pCO2 samples during these 10 surveys (26.9 ± 7.8 samples per hour, 40.9 samples per survey), 97 

with a special resolution of 0.00371°. The average atmospheric pCO2 value was 400.9 ± 2.1 µatm 98 

during the observational period. To better study fine-scale variabilities, we noticed a time lag 99 

between the recorded locations and the water sampling locations. This lag was ~0 to 3.7 minutes, 100 

depending on the ship speed and pCO2 analysis time. Details can be found in SI and Fig. S1.   101 

The vessel was equipped with a towed undulating vehicle (Scanfish). The Scanfish 102 

measured temperature and salinity every 0.5 seconds when it moved along the slanted path up 103 

and down the water column (with inclination angles approximately 6°). Five moorings were 104 

deployed in the cross-channel transect and were equipped with acoustic Doppler current profilers 105 

(bottom-mounted) and CTDs (conductivity, temperature, and pressure) (Sea-Bird MicroCat), 106 

providing continuous measurements of current velocity and temperature or salinity from 22 107 

August to 31 October 2013 [Xie et al., 2017a]. Wind speed was measured at a surface buoy on 108 

top of two of the five moorings. To examine the effects of lateral circulation and upwelling on 109 

pCO2, velocities were rotated into the along-estuary (x) and across-estuary (y) components (u, v); 110 

that is, positive x and y directions are 340º N and 250º N (clockwise from the true north), 111 

according to the major axis of the depth-averaged tidal flows [Xie et al., 2017b].  112 

We used the following equation [Wanninkhof, 1992] to calculate the air-sea CO2 flux:  113 

CO2 Flux = k × K0 × (pCO2sw – pCO2air),                                               (1) 

where k is the gas transfer parameter, K0 represents the solubility of CO2 [Weiss, 1974]; and 114 

pCO2sw and pCO2air are the pCO2 values in the near-surface water and in the air, respectively. 115 
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The air-sea gas transfer parameter was calculated by the equation given by Ho et al. [2006]. A 116 

small thermal effect caused by the difference in temperature between the shipboard pCO2 117 

equilibrator and the outside bay water was corrected using a method from Takahashi et al. 118 

[2002]. Details in the calculation of air-sea CO2 flux can be found in Huang et al. [2015].  119 

 120 

3 Results  121 

During the ship survey period, down-estuary winds (northerly winds) blew down the 122 

estuary. Wind speed increased from D1 to D4 (setup phase), reached a maximum speed of 8-9 m 123 

s-1 at D5 to D6 (maximum phase), and decreased from D7 to D10 (set-down phases) (Fig. 1b). In 124 

the surface layer (0 to ~15 m deep), a counterclockwise lateral circulation developed on a 125 

vertical section at D1 (Fig. 1c), and tilted isopycnals developed upwards along the eastern shoal, 126 

resulting in the upwelling of subsurface water that started at D3 (Fig. 1d). At the peak wind 127 

speed (D5), the upwelled high-salinity water spread westward over the deep channel (Fig. 1e) 128 

and produced a lateral salinity difference of ~0.7 psu between the eastern and western shoals. 129 

During the set-down phase (D10), the lateral circulation weakened and displayed a complex 130 

vertical structure [Xie et al., 2017a], and the upwelling region retreated to the eastern shoal (Fig. 131 

1f). On average, a salinity difference of ~0.3 psu between the eastern and western shoals was 132 

observed. In contrast, in the bottom boundary layer (~15 to 23 m deep), a clockwise circulation 133 

was observed and was driven by lateral Ekman forcing (Fig. 1c-f; Xie et al. 2017a). Through this 134 

wind event, surface temperature and salinities displayed strong cross-channel gradients, as 135 

confirmed by the measurements from the ship-board pumping system (Fig. 1g, h). To facilitate 136 

discussion, we separated this cross channel section into three segments. Water on the eastern 137 

one-third (1/3) segment had lower temperature and higher salinity (T: 16.50 ± 0.63°C; S: 16.38 ± 138 

0.40 psu) than those in the western 1/3 segment (17.66 ± 0.36°C; 16.05 ± 0.08 psu).  139 

The surface pCO2 distributions displayed striking lateral gradients, with relatively higher 140 

pCO2 values on the eastern shoal (490.3 ± 38.1 µatm) and lower values on the western shoal 141 

(453.5 ± 10.1 µatm) (Fig. 1i) (the pCO2 spatial distribution in each circuit survey is presented in 142 

Fig. 2). This lateral pCO2 gradient varied during the set-up, peak, and set-down phases of the 143 

wind-driven event. In the beginning (D1), the pCO2 values were generally below 475 µatm, with 144 
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a few values above 500 µatm right next to the eastern shoal. At the peak wind speed (D5), the 145 

eastern shoal was covered by pCO2 values higher than 500 µatm (Fig. 1i). Finally, when the 146 

upwelling weakened during the set-down phase (D10 for example), the pCO2 values were all 147 

below 500 µatm (Fig. 1i). Overall, pCO2 values on the eastern shoal were still 5% higher than 148 

those in the middle segment, while pCO2 values on the western shoal were 2% lower than those 149 

in the middle segment (Table 1). The pCO2 values on the western shoal were significantly 150 

different from the values on the eastern shoal (two tailed t-test, p < 0.001). Particularly, the 151 

changes in pCO2 values between shoals and the middle segment were enlarged during D5, that is, 152 

5% to 9% on the eastern shoal and -2% to -6% on the western shoal (Table 1).  153 

During the cruise period (late October), the mid-Chesapeake Bay acted as a CO2 source 154 

to the atmosphere (average CO2 flux of 10.26 ± 6.6 mmol m-2 d-1), since the average surface 155 

water pCO2 (467.1 µatm) was oversaturated with respect to the average atmospheric value (400.9 156 

µatm) (Fig. 1j). The CO2 flux also displayed strong lateral variations, ranging from 13.3 ± 5.8 157 

mmol m-2 d-1 over the eastern segment of the estuary to 7.6 ± 1.6 mmol m-2 d-1 on the western 158 

shoal (Table 1). The air-sea CO2 fluxes between these two shoals were significantly different 159 

from each other (two-tailed t-test, p < 0.001). During D5, CO2 fluxes on the eastern shoal were 160 

53% higher than values on the middle of the bay, whereas CO2 fluxes on the western shoal were 161 

46% lower (Table 1). Air-sea CO2 fluxes on these two shoals during D5 were significantly 162 

different from each other (two-tailed t-test, p < 0.001). In addition, the CO2 flux at the peak wind 163 

(D5) was 27% higher than the average from the set-up (D1) to set-down (D10) phases (Table 1).  164 

A time lag between the recorded locations and the sampling locations was observed and 165 

varied slightly from ~0 to 3.7 minutes over the entire study. We systematically reconciled this 166 

variable time lag by binning all data into the western shoal, middle, and eastern shoal for this 167 

study. When this lag time was near a constant value of ~3.7 minutes during D5, its effect on the 168 

variation in pCO2 and CO2 flux was observed in the middle segment of the bay (Fig. 1i,j) and can 169 

be reconciled by simply removing this time lag (details in SI, Fig. S1).   170 

The biogeochemical variables were highly correlated with the physical variables. During 171 

the three phases of the wind event, both bin-averaged pCO2 and CO2 fluxes (for each survey) 172 

were statistically correlated with the bin-averaged salinity, respectively (R2 = 0.89, 0.89, 173 

respectively) (Fig. 3a). This pCO2 to salinity correlation (Fig. 3a) showed that the bin-averaged 174 
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surface salinity at D5 was close to the salinity at 7 m depth at D1 (see Fig. 1). The above analysis 175 

implies that the wind-induced counterclockwise circulation replaced the surface pCO2 on the 176 

eastern shoal with subsurface ones, thereby affecting the surface air-sea CO2 flux over this 177 

estuary.  178 

 179 

4 Discussion  180 

4.1 CO2 dynamics resulting from the counterclockwise circulation  181 

The near-bottom water, with its strong net respiration, is a CO2 source with a high DIC 182 

concentration [Kemp et al., 2005; Cai et al., 2017] and may serve as a biological end-member in 183 

addition to the river and sea water end-members. Assuming a conservative mixing of DIC and 184 

TA between the riverine and oceanic ends of the Chesapeake Bay produces a relationship 185 

between pCO2 and salinity, as shown in Fig. 4. Our observed pCO2 values in the mid-bay 186 

exceeded pCO2 predicted from conservative mixing in this salinity class. The strong correlation 187 

between pCO2 and salinity suggests that the cross-channel variation in pCO2 was caused by the 188 

wind-driven counterclockwise circulation with upwelling on the eastern shoal of the estuary. 189 

Although we only had a detailed observation of one down-estuary wind event during this ship-190 

of-opportunity cruise, previous observations and modeling studies show that these northerly 191 

winds have frequently impacted the Chesapeake Bay [Sanford et al., 1990; Xie et al., 2017c; Xie 192 

and Li, 2018]. Similar cross-channel variations in surface pCO2 are expected under the up-193 

estuary (southerly) winds. The up-estuary winds would drive a vertically clockwise circulation 194 

(in the surface layer) and cause upwelling on the western shoal [Malone et al., 1986; Scully, 195 

2010; Li and Li, 2012; Xie et al., 2017c].  196 

Phytoplankton biomass and net primary production (PP) were shown to exhibit large 197 

gradients in the cross-channel direction [Lee et al., 2013; Son et al., 2014], implying a PP-198 

induced cross-estuary biological CO2 uptake during daytime. This study was designed to 199 

minimize the effects of diel variation on water pCO2 by conducting the surveys mostly after 200 

sunset (sunset was 18:14 on Oct. 24 and sunrise was 7:26 Oct. 25 at Annapolis, Maryland, 201 

https://www.timeanddate.com/sun/usa). Our pCO2 data were mostly collected during the dark 202 

hours and were statistically related to salinity (Fig. 3a). Therefore, the possibility that observed 203 
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cross-estuary pCO2 variations were affected by PP variability during our sampling period was 204 

minimal.   205 

Wind speed is known to be a critical factor in determining the air-sea CO2 gas exchange 206 

rate [Ho et al., 2006 and references therein] and, furthermore, is likely related to the surface 207 

pCO2 distribution in this event. A positive correlation was observed between pCO2 and wind 208 

speed, with an average R2 value of 0.45 (Fig. 3b), and this correlation is weaker than the strong 209 

correlation observed between pCO2 and salinity, suggesting that factors other than the wind 210 

speed may affect salinity [Xie and Li, 2018] and pCO2. For example, Xie et al. [2017a] have 211 

shown that baroclinic effects are also important to wind-driven lateral circulation. Furthermore, 212 

we observed that the correlation was stronger during the set-up phase than during the set-down 213 

phase of this event (Fig. 3b). The observed surface pCO2 signal could also have been 214 

compensated by the air-sea CO2 gas exchange once the subsurface water was upwelled to the 215 

surface, but such gas exchange rate was not fast enough in releasing the accumulated DIC 216 

concentration in the water (that is, gas exchange generally has a time scale of a month or longer 217 

[Cai et al., 2017]).  218 

The difference in temperature between the two sides of the bay was approximately 2°C in 219 

this study (Fig. 1g) and would theoretically have resulted in a difference of approximately 20 220 

µatm in pCO2 (TA = 2400 µmol kg-1, DIC = 2260 µmol kg-1, T=16°C or 18°C). However, most 221 

of our measurements deviated beyond this expected relationship between temperature and pCO2 222 

(Fig. 5), suggesting that such temperature variations were not sufficiently strong to alter the 223 

pCO2 distribution.   224 

The upwelled water led to higher pCO2 and air-sea CO2 fluxes on the eastern shoal than 225 

on the western shoal. Therefore, wind-driven upwelling of high pCO2 and acidified waters on 226 

shallow shoals may be a general phenomenon in the Chesapeake Bay and perhaps in other large 227 

estuaries too.   228 

 229 

4.2 Synthesis and a conceptual model  230 

A conceptual model is proposed to explain the observed cross-channel variations in 231 

surface pCO2 during wind events (Fig. 6). We envision similar responses between the down-232 



9 

 

estuary and up-estuary wind events. The net heterotrophic subsurface water [Kemp et al., 2005; 233 

Testa and Kemp, 2008; Scully, 2010] can be characterized by high DIC and low pH values [Cai 234 

et al., 2017], and part of this water can be upwelled to the eastern shoal by the counterclockwise 235 

circulation under the down-estuary winds (or to the western shoal by the clockwise circulation 236 

under the up-estuary winds). Higher pCO2 values could be found on one side of the estuarine 237 

cross section, resulting in a cross-channel gradient. Hence, wind-driven lateral upwelling (other 238 

than diffusion) can be a mechanism for releasing respired DIC in a stratified estuary. When 239 

anoxic conditions are observed in the stratified water column [Cai et al., 2017], the most 240 

acidified water is typically located in the middle depths between the oxic and anoxic layers. The 241 

upwelling of this acidified water to the surface could significantly change the surface distribution 242 

of pCO2 and thus, the air-sea CO2 fluxes.  243 
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Figure Captions 371 

Figure 1. The study site, wind speed vector, and cross-channel variations in temperature, salinity, 372 

pCO2, and CO2 fluxes in the middle part of the Chesapeake Bay. (a) Geographic location of the 373 

study site where the ship surveys (black dots) were conducted and mooring arrays (gray triangles) 374 

were deployed. (b) Time series of wind speed vectors during October 24-25, 2013. The initial 375 

time and sequence of each circuit (D1 to D10) are labeled as vertical lines in the panel. The five 376 

white vertical bars indicate the mooring locations where salinity and temperature (c-f) were 377 

measured. (c) Depth-lateral distributions of salinity (colors) and lateral velocities (horizontal 378 

bars) displayed strong stratification during the D1. Upwelling to the eastern shoal was observed 379 

from D3 (d), became strong on D5 (e) and became relaxed on D10 (f). The binned averages of 380 

temperature, salinity, pCO2, and air-sea CO2 flux (and its standard deviation) in 0.008° of 381 

longitude are shown as open circles (and bars), displaying larger variations on the eastern shoal 382 

(g to j). The average atmospheric pCO2 value was 400.9 ± 2.1 µatm. The stratification condition 383 

D1 (pink circle) displayed varied values in each panel compared with the upwelling condition D5 384 

(blue triangle). In (g) to (j), all data are displayed as gray dots; the vertical gray dashed lines 385 

separate the western, middle, and eastern sections across the estuary.  386 

 387 

Figure 2. Distributions of pCO2 in each successful survey from D1 to D10. The D8 survey was 388 

interrupted by the failure of other equipment on board. We only have a few data across the 389 

estuary during D8, and thus D8 data were not displayed. 390 

 391 

Figure 3. The relationship between bin-averaged pCO2 (or binned air-sea CO2 flux) and bin-392 

averaged salinity, and the relationship between pCO2 (or salinity) and wind speed (m s-1). The 393 

strong correlation between pCO2 and salinity was consistent with the idea that this surface pCO2 394 

variation was caused by upwelling through a counterclockwise circulation (a). pCO2 values were 395 

better correlated with wind speed during the setup phase than the set-down phase (b).   396 

 397 

Figure 4. The simulation of river to sea mixing and the simulation of mixing between brackish 398 

water and respired near-bottom water. The end-members are in Table S1. 399 

 400 
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Figure 5. The relationship between ln(pCO2) and temperature. The slope shows the theoretical 401 

relationship between pCO2 and temperature.  402 

 403 

Figure 6. A conceptual model for wind-driven lateral circulation and the corresponding 404 

biogeochemical processes in a stratified estuary. During down-estuary winds, pCO2 was high on 405 

the eastern shoal due to a counterclockwise circulation (a). During up-estuary winds, pCO2 was 406 

high on the western shoal due to a clockwise circulation (b). Both down-estuary and up-estuary 407 

winds can produce conditions favorable for releasing respired DIC in the water column.  408 
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Table 1. Surface water pCO2 and air-sea CO2 flux on the western shoal (W), middle of the bay 409 

(M), and the eastern shoal (E). (Unit: pCO2, µatm; CO2 flux, mmol m-2 d-1). The max wind 410 

during D5 was 7.0 m s-1. The changes of values between in the shoals (W or E) and in the middle 411 

(M) were calculated. The differences of pCO2 and CO2 flux between in D5 and the average of 412 

D1 to D10 were also presented in the last two columns.  413 

 414 

Average 
 

D5 (Max. wind) 
Difference  

(D5 - Ave.)/Ave. 

pCO2 CO2 flux pCO2 CO2 flux pCO2 CO2 flux 

Western shoal (W) 450.0 7.6 445.2 6.8 -1% -11% 

(W – M)/M (-2%) (-22%) (-6%) (-46%) - - 

Middle (M) 460.2 9.8 474.5 12.4 3% 27% 

Eastern shoal (E) 483.9 13.3 516.4 19.0 7% 44% 

(E – M)/M (5%) (30%) (9%) (53%) - - 

 415 

    416 

 417 

 418 
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