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Introduction 
This supporting information contains: (1) a detailed description of the processing of pH, temperature, salinity, and dissolved oxygen data (Text S1 and Figure S1); (2) a detailed description of the model of estuarine total alkalinity as a function of salinity and river total alkalinity (Text S2 and Figure S2); (3) a detailed description of the calculation of surface-water pCO2 and the air–water CO2 flux (Text S3); (4) an analysis of the impact of tide-induced turbulence on the gas transfer velocity in Chesapeake Bay (Text S4 and Table S1); (5) a review of organic alkalinity in rivers and coastal waters (Text S5); and (6) Figure S3, which describes the spatial and temporal variation of the gas transfer coefficient and the square of the wind speed. 

Text S1: Detailed description of processing of pH, temperature, salinity, and dissolved oxygen data
	Data from the beginning of the regular monitoring program in 1985 through 2018 were downloaded from the Chesapeake Bay Program’s Data Hub (https://www.chesapeakebay.net/what/downloads/cbp_water_quality_database_1984_present), with the original intention of producing a 33-year analysis the air–water CO2 flux. However, a close examination of the pH data led us to question some measurements in the early part of the record. We found a dramatic difference in long-term trends between stations measured by institutions in the state of Virginia and stations measured by the state of Maryland, particularly from late spring to early fall (Figure S1a). The boundary between the station groups runs east–west within the mesohaline portion of the bay in segment 5, where the Potomac River estuary intersects the mainstem bay (Figure 1). The boundary separates strong negative linear trends to the south (Virginia stations) from neutral and weakly positive linear trends to the north (Maryland stations). A closer examination of summer data at two stations straddling the boundary between the states (CB5.3 and CB5.4) revealed a distinct separation of the data before 1998 and convergence thereafter (Figure S1b). The Virginia measurement protocols changed around this time (Chesapeake Bay Program, 2012). Specifically, Old Dominion University (ODU) took over sampling from the Virginia Institute of Marine Science (VIMS) in 1996. VIMS measured pH by first collecting a water sample and then inserting a pH probe into that sample whereas ODU and Maryland measured pH with an in situ probe. In 1997, ODU switched from using a Hydrolab Surveyor II sonde to a YSI 6000 sonde. It seems likely that the data quality of the Virginia measurements improved greatly after 1997 and we thus chose to limit our analysis to 1998–2018. For this shorter time period, the four parameters were measured exclusively with in situ probes from YSI® and Hydrolab®, and pH was reported on the NBS scale. The specific models used are described in Chesapeake Bay Program (2012) and probe accuracies can be found in the respective user manuals. As an example, the user manual for the YSI 6-series multiparameter water quality sondes provide accuracies of 0.15 ºC for temperature, 1% or 0.1 part per thousand (whichever is greater) for salinity, 0.2 for pH, and 2% or 6.25 mmol m–3 (whichever is greater) for dissolved oxygen measured with a polarographic sensor and half these values for an optical sensor.
	Surface time series of pH, temperature, salinity, and dissolved oxygen were subset from the full Chesapeake Bay Program database depth profiles as the shallowest available measurement in the upper 2 m (36% at 0.5 m, 50% at 1 m, and 14% at 2 m). The native temporal resolution of the measurements was preserved in the surface subset. All data flagged with “Problem” by the Chesapeake Bay Program were removed (<0.1% of data for temperature and salinity, 0.6% for pH, and 0.4% for oxygen). The oxygen supersaturation was computed as the oxygen concentration minus the saturation concentration (computed from temperature and salinity, Garcia & Gordon, 1992). Surface values of pH, temperature, salinity, and dissolved oxygen supersaturation were quality controlled by removing gross outliers in three steps. First, pH was converted to hydrogen ion concentration. Second, the interquartile range for each variable for the whole 1998–2018 data set was computed. Third, all data 20 interquartile ranges above or below the 75th and 25th percentiles, respectively, were removed. pH was the only variable affected by this filtering, resulting in removal of 0.26% of the pH data. pH was subjected to a second round of quality control following the same procedure, but this time on a station-by-station basis using 10 interquartile ranges as the threshold, leading to removal of 0.5 to 3.5% of the pH data from 18 of the 33 stations. 
	Because pH is a non-linear function of hydrogen ion, any time the pH data were manipulated in the analyses that follow (e.g., calculation of monthly averages), pH was converted to hydrogen ion concentration, the hydrogen ion data were processed, and the results were converted back to pH. 
Text S2: Model of estuarine total alkalinity as a function of salinity and river total alkalinity
	We sought to model surface total alkalinity (TA) in the bay as a function of measured surface salinity and time. The relationship with salinity recognizes the nearly conservative nature of TA as well as the different alkalinities of the two main sources of water to the mainstem bay: Atlantic Ocean shelf waters (high-salinity source) and the Susquehanna River (zero-salinity source). The relationship with time recognizes the substantial temporal variability of TA of the Susquehanna River.
	We constructed a time series of daily TA in the Susquehanna River at Conowingo, Maryland (USGS gauge number 01578310, Figure 1) using USGS measurements of TA and streamflow and a statistical model (Hirsch et al., 2010) for October 1, 1977 to March 31, 2018. Effective monthly average concentrations were then computed as the monthly load divided by the monthly streamflow. To estimate effective monthly averages for April to December, 2018, TA was modeled as a function of streamflow. First, the long-term trend was removed and TA was linearly regressed against the natural log of streamflow using least squares. The full time series is shown in Figure S2a. Susquehanna River TA has increased, with a significant (p < 0.001) linear trend of 6.5 ± 0.7 mmol m–3 yr–1 (± 1 standard error) over 1978–2017, similar to the trend estimated by Kaushal et al. (2013) over a similar time period (7.0 mmol m–3 yr–1 for 1978–2010). Additionally, TA shows a strong negative correlation with streamflow on the seasonal timescale, with a prominent annual cycle characterized by a spring minimum and an early fall maximum, and the interannual time scale, with wet years (e.g., 2004) having low TA and dry years (e.g., 1999) having high TA (Figure S2a, Najjar et al., 2020).
	Studies of TA in the mainstem Chesapeake Bay and its tributaries demonstrate a strong relationship between TA and salinity (Brodeur et al., 2019; Brust & Newcombe, 1940; Carpenter et al., 1975; Friedman et al., 2020; Najjar et al., 2020; Shadwick, Friedrichs, et al., 2019; Wong, 1979). Here, we use two data sets to quantify the TA–salinity relationship during two time periods. The first data set is from the Chesapeake Bay Program, which made TA measurements at roughly monthly intervals in the upper mainstem bay from mid 1986 to mid 1990 at three stations (CB2.1, CB5.1, and CB5.1W) and to mid 1991 at a fourth station (CB3.3C); see Najjar et al. (2020) for details. The second data set is from Shadwick, De Meo, and Friedman (2019), who measured alkalinity (and other carbonate system variables) throughout the mainstem of the Bay from 2016 to 2018. Surface (0 to 5 m depth) alkalinity from these two data sets is plotted in Figures S2b (raw data) and S2c (binned data), revealing significant TA–salinity relationships of similar slope but differing intercept, with the earlier data set 138 ± 24 mmol m–3 lower than the later data set. Alternatively, the change in TA for tidal fresh waters can be estimated from the change in the alkalinity of the 0–1 salinity bin. Over the 29-year difference in the data sets, the two approaches imply corresponding trends of 4.8 ± 0.8 and 5.0 ± 2.5 mmol m–3 yr–1, in reasonable agreement with the riverine trend over the same time period (7.3 ± 1.2 mmol m–3 yr–1 for 1988 to 2016). It thus appears that, at least on decadal time scales, changes in the TA of surface waters of the Chesapeake Bay mainstem are being caused by changes in the TA of the Susquehanna River.
	As summarized in Najjar et al. (2020), estuarine TA will vary nonlinearly with salinity when the riverine endmember changes more rapidly than the transit time of water parcels or if there are internal sources and sinks of alkalinity. We used the relatively high-quality TA data of Shadwick, De Meo, and Friedman (2019) to test different models of TA as a function of salinity. These data show fairly linear behavior for  > 10 (Fig. S2B). Efforts to incorporate seasonality in the zero-salinity intercept did not improve skill for this salinity range. Hence for  > 10, the modelled TA is given by



where  is the zero-salinity intercept of the fit (983 mmol m-3) corresponding to the central time  of the Shadwick, De Meo, and Friedman (2019) data set (June 2017),  is the TA of a fixed high-salinity endmember, and  is the fraction of high-salinity () water;  is the surface salinity from observations (section 2.1). We choose  to be the highest surface salinity measured at the 33 stations considered in this study (33.04) and then  is computed from  and the slope of the linear fit (2,285 mmol m-3).  is assumed to be fixed because the limited data available on the TA of Atlantic Ocean waters at the mouth of the bay (Bates & Hansell, 1999; Shadwick, De Meo, and Friedman, 2019; Wong, 1979) suggests little change from 1977 to 2017 (Figure S2b).   is made to vary linearly with time  equal to the slope of the linear fit to the observed TA of the Susquehanna River from 1998 to 2018 (slope of 10.5 ± 2.8 mmol m–3 yr–1 with p < 0.001) and forced to pass through  at .
	For  < 10, we found that TA had seasonal variability, particularly at very low salinity, which reflected the seasonal variability in TA of the Susquehanna River (high in summer and fall, low in winter and spring). At Station CB1.1, which is always fresh, TA was 77 ± 167 mmol m–3 (median ± standard deviation) lower than TA of the river (n = 8), indicative of an alkalinity sink, perhaps due to calcification (Brodeur et al., 2019; Najjar et al., 2020). Thus, we modeled TA for  < 10 as:

where  is the alkalinity at zero salinity, taken to be the alkalinity of the Susquehanna River minus 77 mmol m–3, and  is the modeled alkalinity at a salinity of 10, computed from Equation S1.
Text S3: Calculation of surface-water pCO2 and air–water CO2 flux
	Spline interpolation and nearest-neighbor extrapolation were used to fill temporal gaps in monthly averages of pCO2, dissolved inorganic carbon (DIC), alkalinity, temperature, salinity, and oxygen supersaturation at each of the 33 stations. The gaps were 9% of the data for temperature, salinity, and oxygen supersaturation (between 0.8 and 19% per station) and 10% of the data for pH, and pCO2, and DIC (between 0.8 and 21% per station). The resulting monthly averages at each station were then averaged over each of the eight segments.
	The net flux of CO2 from water to air was computed by month and segment using
	


where  is solubility of CO2 in water, kw is the gas transfer velocity for CO2, and pCO2,a is the atmospheric partial pressure of CO2 just above the water surface. Non-ideal behavior was accounted for by computing  from the total pressure, the solubility function, and the saturation vapor pressure (the latter two computed from monthly mean and segment-mean temperature and salinity); details are provided in Sarmiento and Gruber (2006). 
	The gas transfer velocity for short-term winds is given by (Wanninkhof, 2014):



where a is 0.251 cm hr–1 (m2 s–2)–1, Sc is the Schmidt number for CO2, and U is the 10-m wind speed. Sc was computed from segment-mean and monthly mean surface temperature and salinity using 3rd-order polynomials of temperature for salinities of 0 and 35 from Wanninkhof (2014). In order to compute Sc at any value of salinity, Sc was assumed to vary linearly with salinity. U and total pressure were taken from the North American Regional Reanalysis (NARR), which has a horizontal resolution of 32 km and a temporal resolution of 3 hours (Mesinger et al., 2006). For each of the eight segments, the NARR data were linearly interpolated to the centroid of the segment. U2 and total pressure were then averaged for each month.
	The partial pressure of atmospheric CO2 was computed from the CO2 mole fraction.  We assumed that the mole fraction is spatially constant over the Chesapeake Bay but varies seasonally and interannually. The closest site to the bay at which regular mole fraction measurements have been made is Key Biscayne, Florida; data were taken from the monthly product at the World Data Centre for Greenhouse Gases. The data are reported as mole fraction of CO2 in dry air. To convert this mole fraction to pCO2,a, which is the partial pressure in water-saturated air, the monthly mean total pressure from the NARR along with the surface temperature- and salinity-dependent equations presented in Sarmiento and Gruber (2006; see Equations 7 and 8 on page 78) were used. This conversion creates some spatial variability in pCO2,a and also adds some temporal (mostly seasonal) variability.
Text S4: Impact of tide-induced turbulence on the gas transfer velocity
	In shallow coastal waters, tidal currents and the associated bottom shear lead to turbulence that can influence the gas transfer velocity. A first-order estimate of this influence is made for each of the eight segments of the mainstem Chesapeake Bay using the formulation of the gas transfer velocity at Sc = 600 by Ho et al. (2016), which is based on water depth, water speed, and the square of the 10-m wind speed. The mean depth of each segment (Table 1) is computed from segment volumes and surface areas in Chesapeake Bay Program (2004). The water speed is estimated from the M2 tidal speed co-amplitudes reported in Figure 7a of Zhong and Li (2006); assuming a sinusoidal function of time for the M2 current speed, the mean speed used in the gas transfer velocity calculation is the co-amplitude multiplied by 2/. The square of the wind speed is the long-term average of the NARR (Supporting Text S3). Results in Table S1 show that the ratio of the tide-induced kw to the wind-induced kw varies from 1 to 3%. While the impact of tides might be higher than this for particular times and locations due, for example, to other tidal components, individual storms, and very shallow regions, it seems unlikely that the inclusion of tides would substantially alter the estimated air–water CO2 fluxes in this study.
Text S5: Review of organic alkalinity in rivers and coastal waters
	 Organic alkalinity is usually measured as a residual between TA and its quantifiable components (which are dominated by carbonate and borate alkalinity). Of the river studies we are aware of, organic (or at least non-carbonate) alkalinity varied from 20 to 314 mol kg–1 in rivers of the northeast United States and southeastern Canada (Hunt et al., 2011; Dinauer & Mucci, 2017) and 25–56 mol kg–1 in the Congo River (Wang et al., 2013). Of the coastal-water studies we are aware of, which are limited to the Baltic Sea (Hammer et al., 2017; Kuliński et al., 2014) and North American coastal waters (Cai et al., 1998; Hernández-Ayon et al., 2007; Patsavas et al., 2015; Yang et al., 2015), the highest value observed was 190 mol kg–1, but mean values for a given location vary widely: less than 10 mol kg–1 at coastal sites outside the Mississippi–Atchafalaya River Estuary, offshore waters in the northern Gulf of Mexico, and mean shelf waters for the contiguous United States; 10–50 mol kg–1 for the Altamaha River Estuary, the Savannah River Estuary, the Suwannee River Estuary, Tampa Bay, the Caloosahatchee River Estuary, the Ten Thousand Islands area, and the Baltic Sea; 50–100 mol kg–1 in the Northern Gulf of California, San Quintin Bay, and the Satilla River Estuary; and about 140 mol kg–1 for San Diego Bay.
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Figure S1. (a) Surface pH trends (1985–2017) as a function of month and station in the mainstem Chesapeake Bay. From top to bottom, stations are listed from north to south, with stations CB2.1–CB5.3 in Maryland (MD) and CB5.4–CB7.3 in Virginia (VA). Trends that are significantly different from zero (p < 0.05) are outlined in black. (b) May–August average pH as a function of time at four stations near the Maryland–Virginia boundary. 




Figure S2. (a) Monthly and annual mean alkalinity and streamflow of the Susquehanna River just above the head of tide. (b) Variation of alkalinity with salinity in the mainstem Chesapeake Bay from various data sets. 1986–1991 data are measurements in the upper 5 m made by the Chesapeake Bay Program (n = 514) and reported in Najjar et al. (2020). 2016–2018 data (n = 168) are measurements in the upper 5 m made by Shadwick, De Meo, and Friedman (2019). 1977 datum is from Wong (1979); depth was not reported. 1996 data are measurements made at ~1.5 m depth by Bates and Hansell (1999). (c) Binned versions of the 1986–1991 and 2016–2018 data in panel b. Bins have a width of 1 unit in salinity and averages and standard errors were calculated when 5 or more measurements were available. Lines are linear fits to the data in panel b.






Figure S3. Gas transfer coefficient (kg) and square of the wind speed. (a) Full monthly time series of bay-wide average, (b) mean annual cycle of bay-wide average, and (c) long-term average in each of the eight segments of the mainstem bay (Figure 1).
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	1
	0.25
	22
	0.20
	5.9
	0.03

	2
	0.35
	20
	0.17
	5.3
	0.03

	3
	0.30
	19
	0.13
	5.1
	0.03

	4
	0.30
	18
	0.11
	4.8
	0.02

	5
	0.20
	28
	0.08
	7.4
	0.01

	6
	0.35
	26
	0.12
	6.9
	0.02

	7
	0.35
	29
	0.12
	7.7
	0.02

	8
	0.35
	27
	0.13
	7.2
	0.02


Table S1. Mean tidal velocity, winds, and gas transfer velocities due these influences by segment in the mainstem Chesapeake Bay.
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