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[1] From June 2009 to July 2010, we conducted 27 continuous-flow surveys of surface
water CO2 partial pressure (pCO2) along the longitudinal axis of the Neuse River Estuary
(NRE), North Carolina ranging from the tidal freshwater region to the polyhaline border
with the Pamlico Sound. Lateral transects were also conducted at the borders of each of three
hydrologically distinct sections. The pCO2 displayed considerable spatial-temporal
variability. Likewise, net air-water CO2 fluxes showed high spatial and temporal variability,
with a maximum [release] of 271 mmol C m2 d1 during high river flow conditions in
fall and minimum [uptake] of 38 mmol C m2 d1 during wind-driven, high primary
productivity conditions in late spring. During high-flow conditions, pCO2 generally
decreased from the river mouth to the Pamlico Sound, similar to patterns seen in well-mixed
systems. During warm, low-flow conditions, surface water pCO2 distributions were spatially
variable and dissimilar to those patterns seen in most macrotidal, well-mixed estuaries.
The annual air-water CO2 efflux from the study area was 4.7 mol C m2 yr1, an order of
magnitude less than previously estimated for temperate estuaries. The CO2 fluxes observed
in the NRE highlight the contrasts between macrotidal and microtidal systems and suggest
that global estuarine CO2 emissions are likely overestimated by the current classification
approaches. Scaling this lower efflux by the relative surface area of macrotidal and
microtidal systems would reduce the global estuarine flux by 42%.
Citation: Crosswell, J. R., M. S. Wetz, B. Hales, and H. W. Paerl (2012), Air-water CO2 fluxes in the microtidal Neuse River
Estuary, North Carolina, J. Geophys. Res., 117, C08017, doi:10.1029/2012JC007925.

1. Introduction
[2] Despite their relatively small size (7% of the surface
area and < 0.5% of oceanic volume), coastal waters constitute
nearly 50% of the primary [Behrenfeld and Falkowski, 1997]
and export [Muller-Karger et al., 2005] productivity in the
global ocean. Coastal margins can act as a carbon (C) sink, by
transporting terrestrial, riverine and biologically fixed C to
the deep ocean or sediments, or a C source, through respiration of allochthonous organic matter (OM) and efflux of CO2
to the atmosphere [Tseng et al., 2007; Hales et al., 2008;
Chou et al., 2009]. While mounting evidence points toward
continental shelves as a C sink, there is still a great deal of
uncertainty regarding the role coastal waters, particularly
estuaries, play in global and regional C cycles [Chen and
Borges, 2009; Cai, 2011; Evans et al., 2011].
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[3] Several studies have identified macrotidal, well-mixed
estuaries as sources of atmospheric CO2 [Frankignoulle et al.,
1998; Bouillon et al., 2007; Jiang et al., 2008], but there is
growing evidence that environmental complexities among the
wide range of estuarine systems (e.g., macro versus microtidal;
high versus low anthropogenic influence) may impart considerable variation in air-water CO2 fluxes [Borges, 2005;
Gupta et al., 2009; Sarma et al., 2011]. Cai [2011] and
Sarma et al. [2011] note large uncertainties in recent estimates of global estuarine CO2 fluxes due to limited spatial
and temporal resolution in highly variable systems such as
estuaries. Estimates often employ scaling approaches based
on the average annual CO2 flux using broad classifications
such as latitude [Borges et al., 2005], simple geomorphology
[Chen and Borges, 2009], estuarine typology [Laruelle et al.,
2010, following Dürr et al., 2011] or global extrapolation of
local estuarine characteristic proportions to global estimates
[Cai, 2011]. Highly variable CO2 fluxes between and within
systems and sparse data for some estuarine typologies stress
the need for more persistent observational approaches and
more proportional representation of estuary types.
[4] Microtidal systems (<1 m tidal amplitude) are particularly underrepresented in current estuarine CO2 flux
estimates. These relatively long-residence-time systems
comprise as much as 55% of the estuarine surface area
worldwide but constitute less than 10% of the systems considered in the most recent and extensive syntheses of global
estuarine CO2 fluxes [Chen and Borges, 2009; Laruelle
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Figure 1. Map of the Neuse River Estuary showing discrete sample stations and NCDC meteorological
stations. The study area was divided into three sections with upper and lower borders shown by black bars.
Across-channel transects were conducted at stations 160, 120, 70 and 30 on surveys along the main channel
from station 160 to 30. Data from a USGS streamflow gauging station near Fort Barnwell, North Carolina,
was used for flow calculations.
et al., 2010]; the scaling applied by Cai [2011] to the estimates of Borges et al. [2005] failed to account for this deficiency as well. Coverage of annual CO2 fluxes in microtidal
estuaries consists of four studies that range from large annual
sources [Gupta et al., 2009] to annual sinks [Koné et al.,
2009]. These studies relied on indirect measurement of CO2
partial pressure (pCO2) from between two and four total
surveys and represent only a portion of microtidal estuary
types. Thus, the degree to which scaling approaches can
resolve CO2 fluxes from macrotidal versus microtidal estuaries is currently limited by the available data.
[5] In this study, we examine air-water CO2 fluxes in North
Carolina’s microtidal Neuse River Estuary (NRE) based on
direct in situ surface water pCO2 measurement and exhaustive
sampling well-resolved in space and time over a full year from
June 2009 to July 2010. We believe these are the first direct
measurements of pCO2 in this type of system. The NRE,
located on the mid-Atlantic coast of the United States at a
latitude of about 35 N, is part of the second largest estuarine
complex in North America, the Albemarle-Pamlico Sound,
smaller only than Chesapeake Bay. It would be classified
variously as a temperate estuary [Borges et al., 2005], an inner
estuary [Chen and Borges, 2009] or a type III lagoon [Laruelle
et al., 2010] under the referenced scaling approaches. We first
describe the spatial-temporal variation of pCO2 in the surface
water and calculate CO2 fluxes to the atmosphere. We then
examine the environmental conditions that drive the observed
seasonal trends in air-water CO2 exchange. Finally, we distinguish CO2 fluxes in the NRE from those observed in other
estuarine systems and discuss the challenges of making crosssystem generalizations of estuarine C cycle dynamics.

2. Methods
2.1. Study Site
[6] The NRE is a major tributary of the second largest
estuarine complex in the United States, the Albemarle-Pamlico
Sound (Figure 1). Accelerating eutrophication and OM loading,

driven by suburban development and expanding agricultural
operations in the NRE watershed, have taken place over the
past few decades [Stow et al., 2001; Cooper et al., 2004;
Paerl et al., 2010]. Previous studies in the NRE have found
relatively high rates of water column primary production
(>300 g C m2 y1), which display strong seasonal patterns
[Boyer et al., 1993; Paerl et al., 1995]. With a surface area of
455 km2 and a mean depth of 2.7 m, the NRE drains a
watershed of over 16,000 km2. River discharge rates range
from 50 to 1000 m3 s1 (mean = 150 m3 s1), resulting in
flushing times that range from 20 to 200 d (mean = 60 d)
[Luettich et al., 2000; Reynolds-Fleming and Luettich, 2004].
The Neuse River accounts for 96% of fresh water input into
the NRE and less than 2% of the water level variance is due
to astronomical tides [Luettich et al., 2000]. Freshwater discharge and low-frequency meteorological forcings (e.g.,
winds of 2–4 day duration) are the principle drivers of longitudinal water exchange in the NRE. The hydrography of
the NRE is characterized by high temporal and spatial complexity, with along-channel flows that often reverse on a scale
of hours and high across-axis variability of vertical salinity
profiles [Luettich et al., 2000].
[7] In this study, the NRE was divided into three hydromorphologically distinct sections (upper, middle and lower
estuary) to evaluate drivers of CO2 flux and surface water
pCO2 distributions [see Luettich et al. 2000] (Figure 1). The
upper estuary axis spans 10.5 km (9.1 km2) from the Neuse
River input at New Bern, NC, to the point where estuarine
width rapidly increases between stations 50 and 60. Due to
the narrow width, the upper estuary is most strongly influenced by fluvial discharge and least affected by meteorological forcing relative to the middle and lower estuary. The
middle estuary spans 18 km (81.9 km2) from the lower border
of the upper estuary to a bend at station 120. Here the estuarine axis, oriented northwest-to-southeast, shifts nearly 90
to a southwest-to-northeast orientation. The lower estuary
spans 16 km (85.1 km2) from the border of the middle estuary
to station 160, the farthest downstream station that is not
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significantly influenced by external watersheds. The orientation of the middle and lower estuary is such that prevailing
winds which drive longitudinal circulation in one will drive
cross-channel flow in the other.
2.2. Sampling Surveys
[8] From June 2009 to July 2010, twenty seven surveys
were conducted at two- to three-week intervals, spanning the
longitudinal axis of the estuary from the tidal freshwater
region to the polyhaline border with the Pamlico Sound.
Concurrently, lateral transects were conducted near stations
30, 70, 120 and 160 (Figure 1). Data from the lower estuary
during July 2009 were excluded due to a transect route that
was not within the GPS-determined borders of the standard
survey track. Air-water CO2 flux for the lower estuary during
this period was estimated from daily average values interpolated between 24 June 2009 and 5 August 2009 and considered for monthly averaged air-water CO2 flux only.
[9] Water was continuously pumped from a thru-hull fitting located 0.4 m below the water line at the aft of a 7.6 m
research vessel. 10 L min1 were simultaneously pumped
to (1) a multiparameter sonde (Yellow Springs Instruments,
Model 6600) in a flow-thru cell and (2) a thermosalino-graph
(TSG) (Sea-Bird Electronics, SBE 45) followed by an airwater showerhead-equilibration chamber, modified from the
design of Weiss [1974]. The flow-thru cell (Dataflow)
[Madden and Day, 1992] measured chlorophyll a fluorescence (chl a), dissolved oxygen (DO), pH and turbidity. Seasurface salinity (SSS) and temperature (SST) were measured
by the TSG. pCO2 in the equilibration chamber was determined by re-circulating a carrier gas at a flow of 1000 sccm
through the equilibrator and sending a small split (30 sccm)
to a nondispersive infrared (NDIR) absorbance detection
analyzer (Li-Cor LI-840; modified from Hales et al. [2004]).
All measurements were taken at 2 s intervals and lag time
between Dataflow, the TSG and pCO2 was measured and
corrected for each sampling run. At the beginning and end of
each 3.5 h survey, ambient atmospheric air and two CO2
gas standards (xCO2 mixing ratios of 117.5 and 992 
1.2 ppmv from 16 June 2009 to 9 November 2009; 149.1 
1.2 ppmv and 3020  20 ppmv from 20 November 2009 to
21 July 2010; Scott-Marrin Inc., Riverside, CA) were measured for calibration and verification of the LI-840. Equilibration in the showerhead was verified using inlet and outlet
gases of widely different initial xCO2 connected to the makeup-air valve during equilibrator development. Prior to field
deployment, the accuracy of the LI-840 above the maximum
factory calibration value of 3000 ppmv was evaluated up to
5050 ppmv. A five-step calibration curve was represented by
a first order function over a range of 149 to 5050 ppmv and
had an attainable accuracy of 4 matm. Calibrated detector
xCO2 was corrected for headspace pressure and temperature
and presented as pCO2 at SST. For each section, distanceweighted averages were calculated for pCO2, pH, chl a, SST
and SSS. On three surveys (7 July, 15 July and 5 August
2009), bottom water pCO2 at discrete stations was measured
by pumping water from 0.5 m above the sediment surface to
the intake of the equilibrator-Dataflow system.
2.3. Discrete Samples
[10] At four mid-channel stations (30, 70, 120, 160)
located at the up- and downstream borders of each section,
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surface water samples were collected in 355 ml amber glass
bottles and preserved with 300 ml HgCl2 during each survey.
Dissolved inorganic carbon (DIC) was measured using the
continuous stripping and IR-detection method of Bandstra
et al. [2006]. Vertical profiles of temperature, salinity, pH,
DO, chl a and turbidity were measured using a YSI 6600
multiparameter sonde.
[11] As part of a separate water quality monitoring program in the NRE-PS, water samples were collected from near
the surface (chl a, nutrients, DIC) and just above the bottom
(chl a, nutrients) at each station shown in Figure 1, and vertical profiles of salinity, temperature, pH, DO and chl a were
made throughout the water column. Riverine DIC input was
calculated from river discharge and DIC samples collected at
station 0. Daily mean Neuse River discharge was obtained
from a U.S. Geological Survey (USGS) streamflow gauging
station (02091814), located approximately 20 km upstream
from New Bern, NC (Figure 1). These monitoring samples
were collected concurrent with fourteen of the high resolution pCO2 surveys, but were separated by <3 days from the
remaining pCO2 surveys. DIC samples from the monitoring
program were unpreserved in accordance with protocol that
has been in use for the last 2 decades. Unpreserved DIC
samples were stored in 20 ml scintillation vials with no
headspace, refrigerated overnight and analyzed the following
morning using a Shimadzu Total Organic Carbon Analyzer,
TOC-5000A, in IC mode. Briefly, the non-combusted sample was acidified in the IC reactor vessel and liberated CO2 in
the carrier gas was then determined using NDIR detection.
Over the course of nine surveys, 69 preserved DIC samples
were simultaneously collected with the unpreserved DIC
samples from the monitoring program. The two data sets
showed a strong linear correlation, but DIC in unpreserved
samples was generally less than in preserved samples, suggesting a systematic DIC loss between collection and analysis of the unpreserved samples.
[12] Accordingly, a correction factor (equation (1))
obtained via linear-regression analysis of simultaneously
collected preserved and unpreserved DIC samples was
applied to all unpreserved DIC monitoring samples (r2 =
0.97, regression standard error (^
s ) = 57.64 mmol kg1)
DICp ¼ 1:16DICu þ 7:18;

ð1Þ

where DICp is the preserved DIC sample and DICp is the
unpreserved sample.
2.4. Air-Water CO2 Flux
[13] The magnitude of the air-water CO2 flux for each
section was calculated according to equation (2)

flux mmol C cm2 h1 ¼ kK0 ðDpCO2 Þ;

ð2Þ

where DpCO2 is the difference in CO2 partial pressure
between water and air (matm), K0 is the CO2 solubility
coefficient [Weiss, 1974], and k (cm h1) is the gas exchange
coefficient. k was calculated according to equation (3) [Jiang
et al., 2008]
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where U10 is the daily averaged wind speed and ScSST is
the Schmidt number for CO2 at ambient SST and SSS
[Wanninkhof, 1992]. U10 and U210 were averaged between
sample dates. Daily averaged wind speeds were obtained
from three long-term National Climatic Data Center (NCDC)
meteorological stations (WMO 723062, 723090, and 723092)
along the longitudinal axis of the estuary, each station
corresponding to the nearest estuarine section (Figure 1). For
each survey, sectional air-water CO2 fluxes were calculated
using distance-weighted pCO2 averages, U10 data from the
nearest meteorological station and the average pCO2 of the
ambient air measured before and after each survey. Wholeestuary CO2 flux were determined as the area-weighted
average of the three sections. Sectional CO2 fluxes from each
survey were interpolated from June 2009 to July 2010 to
average CO2 fluxes by month. Positive values indicate a net
CO2 flux from the water to the air, while negative values
indicate a net CO2 flux from the air to the water.
[14] Air-water gas exchange is a function of complex
underlying mechanisms which include turbulence, bubblemediated transfer, and the physicochemical properties of the
relative water body [Smith et al., 2011]. Most of these
mechanisms are largely dependent on wind stress, hence gastransfer velocities are often empirically defined as a function
of wind speed in open-water systems. However, the uncertainty of such parameterization is compounded in estuaries
because the effect of wind speed and water currents can vary
substantially along the estuarine continuum due to major
changes in bathymetry and fetch [Alin et al., 2011]. Recent
compilations have shown that gas transfer velocities within
individual estuaries can vary as much, if not more, than the
average gas transfer velocity between different estuarine
systems [Jiang et al., 2008; Alin et al., 2011].
[15] If we consider the large range of environmental conditions observed over the spatial and temporal extent of this
study, the precise estimation of air-water CO2 fluxes would
require an equally exhaustive parameterization of gas transfer
velocities in the NRE. However, most of these environmental
conditions are represented in the collective body of literature
on estuarine gas transfer velocities. Currently, the regression
equation proposed by Jiang et al. [2008] (shown above as
equation (3)) is the most comprehensive and is widely used in
recent reviews of estuarine CO2 fluxes [Chen and Borges,
2009; Laruelle et al., 2010]. For this reason, we have
applied this equation as described above to estimate air-water
CO2 fluxes in the NRE.
2.5. Global Surface Area and Eutrophication Index
of Microtidal Systems
[16] The global surface area of microtidal systems was
determined using 0.5  0.5 coastline typology data of Dürr
et al. [2011]. The tidal amplitude for each 0.5 coastline
segment was defined as the sum of eight primary tidal harmonic constants, extracted at a resolution of 0.25  0.25
from the TPXO7.1 global ocean tide model using Oregon
State University Tidal Inversion Software (OTIS) [described
by Egbert and Erofeeva, 2002]. Tidal amplitudes in 0.5
coastline segments that did not directly border at least one
0.25 tidal-model cell (10%) were determined by nearest
neighbor interpolation. The portion of microtidal (<1 m)
coastline for each of the four estuary classes defined by Dürr
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et al. [2011] was weighted by the respective surface-area-tocoastline ratio to determine the percent of the global estuarine
surface area that is microtidal.
[17] Relative trophic statuses of microtidal systems were
defined as a function of nutrient fluxes using the indicator of
coastal eutrophication potential (ICEP) approach [Garnier
et al., 2010] and the Global Nutrient Export from Watersheds (Global NEWS) “Realistic Hydrology” year-2000
model output (nitrogen, phosphorus and carbon forms from
Mayorga et al. [2010] and dissolved silica from Beusen et al.
[2009]). Geographic overlay of Global NEWS output on
coastal typology basins defined by Dürr et al. [2011] was
used to determine ICEP values based on nutrient fluxes
(Mg km2 yr1) from 2,585 watersheds to the 4,040 microtidal coastline segments delineated as described above.
A high ICEP value represents a shift in nutrient delivery
typically associated with unbalanced anthropogenic inputs
and is considered here as an index of human impact in estuarine systems.

3. Results
3.1. NRE Surveys
[18] pCO2, chl a and SSS distributions representing seasonally varying conditions in the NRE are shown in Figure 2
and corresponding along-axis pCO2, pH and SSS are shown
in Figure 3. The study area acted as a CO2 sink in late summer, when wind speed and river discharge were low (exemplified by 19 August 2009, Figures 2 and 3 and Table 1).
During elevated river discharge, typically from late fall
to early spring, a general trend of decreasing pCO2 and
increasing pH was observed moving downstream from the
river mouth along the salinity gradient (20 November 2009
and 28 January 2010, Figures 2 and 3). However, during
periods of moderate to low river discharge, this trend was
reduced or reversed on seasonal scales (11 May 2010 and
21 June 2010, Figures 2 and 3). This seasonal transition was
associated with high primary production in the upper estuary
and high winds that have been shown to increase vertical
mixing in the middle and lower estuary [Luettich et al.,
2000]. Elevated phytoplankton biomass was primarily
located in the upper estuary during low-flow conditions and
in the middle and lower estuary during higher-flow conditions (Figure 2), consistent with prior studies of phytoplankton dynamics in the NRE [e.g., Valdes-Weaver et al.,
2006]. Similar to the findings of Raymond et al. [1997] and
Koné et al. [2009], pCO2 was generally not well correlated
with chl a but did show an apparent negative correlation
during dense phytoplankton blooms and at the along-axis chl
a maximum (Figure 2).
[19] High spatial variability of pCO2 was observed
throughout the study period with a single-day dynamic range
of up to 4319 matm (299 to 4618 matm) along the longitudinal
axis and up to 1401 matm (168 to 1569 matm) across-channel.
Surface water DIC in the upper, middle and lower estuary
had respective ranges of 289–1361, 369–1571 and 668–
1681 mmol kg1 over the study period. pCO2 ranges were
77–4770 matm, 77–1384 matm and 75–1070 matm in
the upper, middle and lower estuaries, respectively. The
lowest pCO2 in the middle and lower estuaries occurred on
14 April 2010, corresponding to a phytoplankton bloom at
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Figure 2. The pCO2, chl a and SSS in the NRE during conditions influenced by river discharge
(20 November 2009, 28 January 2010), primary production (19 August 2009) and the combination of biological activity and wind-driven mixing (11 May 2010, 21 June 2010). Note the negative correlation of
pCO2 and chl a in the lower estuary on 20 November 2009, the middle estuary on 28 January 2010 and
the upper estuary on 11 May 2010. Surveys began at station 160 and ended at station 30. Across-axis transects were conducted within 2 km of each station and the along-axis survey track was within a 1.5 km, GPSdefined margin.

5 of 12

C08017

C08017

CROSSWELL ET AL.: CO2 FLUXES IN A MICROTIDAL ESTUARY

Figure 3. The along-axis pCO2, pH and SSS during conditions shown in Figure 2. Gaps indicate where
across-channel data was excluded. Oscillations in the upper estuary pCO2 on 20 November 2009 may be
due to values above the instrument calibration range or condensation in the equilibrator exit-gas line.
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Table 1. Seasonally Averaged pCO2, DIC, pH, SST, SSS, U10 and Chl a in the Neuse River Estuarya
pCO2
(matm)

DIC
(mmol kg1)

Jun–Aug 2009
Sep–Nov 2009
Dec 2009–Feb 2010
Mar–May 2010
Jun–Jul 2010

905 (427–1509)
1613 (985–2510)
1805 (1383–2214)
975 (396–1335)
644 (447–841)

1023 (982–1088)
1224 (1133–1318)
495 (358–723)
470 (390–595)
775 (658–892)

Upper Estuary
8.1 (7.6–8.5) 29.2 (28.6–30.4)
7.6 (7.1–7.9) 20.9 (16.4–26.1)
7.2 (7–7.3)
9.8 (8.8–10.7)
7.8 (7.3–8.5)
19.8 (13.3–24)
8.5 (8.3–8.6) 30.1 (29.6–30.6)

Jun–Aug 2009
Sep–Nov 2009
Dec 2009–Feb 2010
Mar–May 2010
Jun–Jul 2010

400 (330–445)
604 (257–1007)
907 (762–1082)
344 (309–407)
359 (348–369)

1274 (1206–1348)
1366 (1288–1492)
670 (499–933)
577 (474–772)
1024 (888–1160)

Middle Estuary
8.3 (8.2–8.4) 28.5 (27.8–29.9)
8.0 (7.4–8.5) 20.9 (16.5–25.8)
7.4 (7.3–7.6)
10.0 (8.9–11)
8.0 (7.9–8.1) 19.0 (12.7–23.4)
8.4 (8.3–8.5) 29.5 (29.2–29.7)

421 (320–500)
353 (260–513)
345 (196–546)
371 (364–379)

1450 (1396–1497)
1535 (1474–1640)
934 (749–1168)
801 (696–940)
1194 (1083–1306)

pH

U10
(m s1)

Chl a
(mg l1)

1.9 (1.9–2)
2.3 (2–2.5)
2.7 (2.6–2.8)
2.7 (2.5–2.8)
2.1 (1.9–2.3)

14.5 (10–19.8)
16.4 (8.2–22.3)
7.2 (6.5–7.6)
13.5 (12.2–16)
8.3 (6.8–9.9)

12.6 (10.6–14.5)
11.8 (8.3–14.3)
2.3 (1.5–3)
2.9 (1.8–4.5)
6.9 (5.8–8.1)

2.6 (2.5–2.6)
3.1 (2.7–3.3)
3.7 (3.6–4)
3.3 (2.9–3.5)
2.8 (2.4–3.1)

12.2 (10.5–14.6)
13.8 (13.4–14.5)
14.9 (10.8–19.3)
18.4 (12.3–26.8)
6.0 (5.3–6.7)

16.6 (13.7–18.6)
5.3 (4.3–7.1)
6.6 (5.1–8.8)

3.4 (3.3–3.5)
4.0 (3.6–4.2)
4.5 (4.3–4.7)
4.2 (3.9–4.4)
3.7 (3.3–4.1)

11.4 (7.9–15.4)
16.9 (11.7–20)
11.6 (7.3–17.8)

SST

SSS
5.1
6.3
0.3
0.6
2.1

(3.4–7.3)
(3.9–8.5)
(0.2–0.5)
(0.4–0.7)
(1.6–2.7)

Lower Estuary
Jun–Aug 2009
Sep–Nov 2009
Dec 2009–Feb 2010
Mar–May 2010
Jun–Jul 2010

8.1 (7.8–8.4)
7.8 (7.7–8.1)
8.0 (7.8–8.1)
8.3 (8.2–8.4)

20.6 (16.1–25.4)
8.6 (8.4–8.8)
18.3 (11.9–23.1)
28.5 (28.3–28.7)

a
Data were interpolated daily between survey dates to estimate monthly averages. June–August 2009 survey data from the lower estuary was not averaged
due to an incongruent transect route during July 2009. Values in cells are given in the following format: average value (lowest value–highest value).

the middle-lower estuary border. The lowest pCO2 in the
upper estuary occurred during low-discharge conditions on
19 August 2009. The highest temporal pCO2 variation of the
sectional averages was 3329 matm in the upper estuary and
1266 matm in the middle estuary during a 12-day period
(from 9 to 20 November 2009), coinciding with a sharp
increase in river discharge (Figure 4). High salinities in the
lower estuary on 20 November 2009 indicate that the surge in
river discharge had not yet reached the section (Figure 3).
The highest observed temporal pCO2 variation in the lower
estuary occurred during a 16-day period (from 12 to 28 April
2010), when sustained southwest winds from 24 to 28 April
2010 led to destratification of the water column and presumably injection of CO2 stored in subpycnocline waters to
surface waters. Throughout the study period, there was significant spatial variability of surface water pCO2 on a scale of
hundreds of meters (Figures 2 and 3) and temporal variability
of on a scale of weeks, which was the highest temporal resolution that could be discerned in this study (Figure 4).
3.2. Air-Water CO2 Flux
[20] High temporal variability of air-water CO2 fluxes was
observed on both short-term and seasonal scales. The greatest
whole-estuary increase in CO2 flux between surveys, from
3.9 mmol C m2 d1 on 9 November 2009 to 74 mmol C
m2 d1 on 20 November 2009 (Figure 5), was observed
during the steepest rise (>500%) in river discharge. The
maximum sectionally averaged efflux of 271 mmol C m2
d1 was observed on 20 November 2009 in the upper estuary
and the maximum sectionally averaged influx of (-) 38 mmol
C m2 d1 was observed on 4 April 2010 in the lower estuary
(Figure 5). Seasonal averages for the system as a whole
showed the greatest variability between summer and fall
(Table 2). The system was a net CO2 sink in late summer
2009, but all sections were large CO2 sources in fall (Figure 5).
The source/sink status of the system varied between surveys
during the spring and summer (Figure 5), resulting in a low
seasonal averages of 1.73 and 0.84 mmol C m2 d1,

respectively (Table 2). The upper and middle estuaries were
annual sources of CO2 to the atmosphere, with respective
fluxes of 24 and 7.9 mol C m2 yr1, while the lower estuary
was a CO2 sink, with a flux of 0.5 mol C m2 yr1. The
annual CO2 flux for the study-area was 4.7 mol C m2 yr1.

4. Discussion
[21] Integration of CO2 fluxes from estuaries into the
global C budget depends on the ability to accurately represent
air-water CO2 exchanges from the full range of estuarine
systems. CO2 fluxes from macrotidal systems have been
defined across broad spectra of climatic and trophic distinction, yet CO2 flux estimates from microtidal estuaries are
currently limited to data from three tropical systems [Gupta
et al., 2008, 2009; Koné et al., 2009] and a single highlatitude fjord [Gazeau et al., 2005], and there are significant
differences within these systems, even in the study of Koné
et al. [2009]. None of these earlier studies directly measured pCO2, and none sampled at the high spatial and temporal resolution of this work.
[22] The NRE is representative of temperate, microtidal,
stratified inner estuary systems that have thus far not been
included in syntheses of coastal CO2 fluxes. Temperate
microtidal systems are widespread in many semi-enclosed
seas (Baltic, Gulf of Mexico, Mediterranean) and occur
along many midlatitude continental margins (Eastern North
America, Southeastern South America, Southern Africa,
Southern Australia) [Cauwet, 1991; Cooper, 2005]. Given
this wide global distribution of microtidal, stratified systems,
estuarine CO2 flux estimates in the current literature may be
biased by the overrepresentation of macrotidal, well-mixed
systems. Carbon cycle dynamics are substantially different
than those observed in microtidal systems like the NRE, and
these differences contribute to annual CO2 flux (4.7 mol C
m2 yr1) in the NRE that is an order of magnitude less than
previous estimates for midlatitude estuaries [Borges et al.,
2005].
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Figure 4. Sectional averages for pCO2, pH, SST, SSS and chl a from continuous-flow measurements,
DIC from discrete samples and U10 from NCDC daily averaged wind speeds, and river flow and 10-yr mean
river flow at Fort Barnwell, North Carolina. Survey data from the lower estuary during July 2009 were
excluded due to an incongruent transect route.
[23] In the following discussion, we evaluate the spatialtemporal distribution of pCO2 and examine the environmental
conditions that drive the observed seasonal trends in air-water
CO2 exchange. We then distinguish CO2 fluxes in the NRE
from those observed in other estuarine systems, thereby
highlighting the importance of expanding geographic and
typologic coverage of estuarine C dynamics in global scaling
approaches.
4.1. Inorganic C Dynamics in the NRE
[24] The fate of carbon in the NRE depends on transport
rate and biological activity, primarily influenced by river
discharge, temperature and wind-driven mixing. From midfall to spring, pCO2 was elevated in the upper and middle
estuary due to high riverine pCO2 and OM input and the
highest air-water CO2 fluxes occurred during this time of
year. However, most of the riverine CO2 was ventilated,
taken up by primary production, or converted to non-volatile
carbonate species by the time it reached the lower estuary
(Figure 2). Supporting this finding, pCO2 in the lower estuary
was at an annual minimum during the winter and spring
months (Table 1). Net photosynthetic activity contributed to
abrupt pCO2 decreases in the middle and lower estuary during high-flow conditions, and increased primary production
in the lower estuary as a result of higher nutrient loading may

partially offset the efflux of riverine pCO2 in the upper
estuary. Monthly averaged CO2 loss to the atmosphere rarely
equaled or exceeded riverine DIC input (Figure 5), indicating
that some riverine DIC must remain in the system to be
transported through the NRE or the Pamlico Sound.
[25] River discharge was 72% of the 10-yr mean from June
to October 2009 and April to July 2010, whereas it was 190%
of the 10-yr mean from November 2009 to March 2010; thus,
riverine influence observed during the study period was
likely above average in the late fall to early spring and below
average during the summer relative to the long-term trends.
Riverine pCO2 and DIC input remained high from December
2009 to April 2010, but total CO2 flux decreased from the
maximum to minimum values as SST and chl a increased
(February–April 2010, Figure 5), indicating an increased
uptake of surface water pCO2 by primary producers. From
late spring to mid fall, high biological activity in both surface
and bottom waters, combined with vertical mixing lead to
highly variable pCO2 distributions and air-water CO2 fluxes
in the NRE (Figures 2 and 3). These pCO2 distributions show
few similarities to those observed in well-mixed estuaries,
where pCO2 generally decreases with salinity, and demonstrate that wind-driven vertical mixing in the middle and
lower sections of the study area can lead to trends opposite
those seen in both temperate and tropical, well-mixed systems
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River Estuary Modeling and Monitoring Project; http://
www.unc.edu/ims/neuse/modmon/] showed strong vertical
DO gradients, with low DO in subpycnocline waters and
much higher DO above the pycnocline (data not shown).
While these data were not collected synchronously with the
pCO2 surveys and do not permit a quantitative linkage, the
distributions do show a temporal pattern of stratification and
wind-driven breakdown that is consistent with our interpretation of the observed pCO2 variability.

Figure 5. Time series plots of sectional averages for waterair DpCO2, air-water CO2 flux, and monthly averaged airwater CO2 fluxes and riverine DIC loading as CO2.
(Figures 2 and 3) [Frankignoulle et al., 1998; Cai et al.,
1999; de la Paz et al., 2007; Zhai et al., 2007; Guo et al.,
2009; Souza et al., 2009]. In the spring and summer, conditions in the wind-driven NRE were most similar to those
seasonally observed by Koné et al. [2009] in the microtidal
Aby Lagoon, Ivory Coast.
[26] pCO2 variability in the lower estuary corresponded to
seasonal trends in respiration rates previously observed in
the NRE [Peierls and Paerl, 2010] and thermal forcing;
respiration rates and pCO2 were maximal during warm, lowdischarge conditions when seasonal, along-axis winds typically increase vertical mixing in the lower estuary. In the
middle and upper estuary we suspect that stratification,
which allows biological uptake of CO2 in surface waters and
leads to enhanced respiration at depth, and its subsequent
breakdown, are key factors in driving the observed variability
in surface pCO2. Anecdotal evidence supports this: on a
few instances outside this study period, we profiled the pCO2
in the water column during stratified conditions by lowering
and raising the sample intake and found very high pCO2
levels below the pycnocline. Out of 11 vertical profiles
over three summer surveys, bottom water pCO2 averaged
3375 matm (1532 to 7316 matm), and the average difference
between surface- and bottom water pCO2 was 2798 (1059
to 6205 matm). Other independently collected data [Neuse

4.2. Comparison of CO2 Flux Between Estuarine
Systems
[27] The seasonal pattern of high air-water CO2 flux in
fall-winter and low fluxes in spring is nearly opposite that
observed in the marsh-dominated Duplin River Estuary,
Georgia [Wang and Cai, 2004] and distinct from highly
variable patterns observed in several temperate European
estuaries and the York River Estuary, Virginia [Frankignoulle
et al., 1998; Raymond et al., 2000; Borges et al., 2006]. The
annual air-water CO2 flux estimates between our study site
and these macro-tidal temperate systems also differed by an
order of magnitude. Seasonal trends and annual air-water
CO2 fluxes between tropical systems have shown even
greater variability than that of the temperate systems described
above. This poor correlation between climate type and annual
air-water CO2 fluxes underscores large uncertainties in scaling approaches based on latitude alone.
[28] We suggest two reasons for the differences between
our observations and other settings. The first is the increased
mixing and lateral input as driven by tidal forcing. Cai [2011]
suggest that the majority of CO2 degassing in estuaries is
sustained by lateral inputs from surrounding wetlands and
Borges et al. [2006] and Chen and Borges [2009] discuss
several studies that indicate tidally driven lateral exchanges
and pore water pumping support large estuarine CO2 fluxes.
Monbet [1992] found that the high turbidity in macrotidal
systems induced by tidally driven mixing leads to lower chl a
relative to microtidal systems. Located 600 miles apart, the
macrotidal Satilla River estuary, Georgia and microtidal
NRE represent two systems with similar climatic and riverine
influences but contrasting tidally driven mixing and lateral
inputs. Freshwater flushing times and fluvial DIC concentrations in the Satilla River estuary are comparable to the
NRE, and in both systems, a substantial portion of riverine
DIC exists as excess CO2 [Cai and Wang, 1998; Alber et al.,
2003]. In the NRE, annual CO2 loss to the atmosphere
equaled 44% of riverine DIC input while the same ratio in the
Satilla River estuary was 1000% [Cai and Wang, 1998].
The annual air-water CO2 flux in the Satilla River estuary
given by Cai and Wang [1998] (42.5 mol C m2 yr1) was
an order of magnitude higher than that observed in the NRE
Table 2. Sectional Areas and Seasonal Air-Water CO2 Fluxes
(mmol m1 d1)

Upper Estuary
Middle Estuary
Lower Estuary
Study-area
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a

Area
(km2)

Summera

Fall

Winter

Spring

Annual

9.09
81.9
85.1
176

22.3
3.80
0.50
0.84

115
55.3
13.9
38.4

100
37.9
22.0
12.1

29.1
2.40
2.81
1.73

24.3
7.93
0.52
4.69

Daily averages were used for overlapping days in 2009 and 2010.
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(4.7 mol C m2 yr1). The annual CO2 sink in the lower NRE
and river-dominated CO2 fluxes in the middle and upper
NRE suggest that far less air-water CO2 exchange was supported by lateral transport in the NRE relative to the Satilla
River estuary. Koné et al. [2009] found a similar result in
tropical estuaries of the Ivory Coast, where CO2 fluxes in
adjacent pristine microtidal (1.2 mol C m2 yr1) and pristine macrotidal (18.4 mol C m2 yr1) lagoons differed by a
similar magnitude. Thus the contribution of tidally driven
input from marginal wetlands to estuarine air-water CO2
fluxes can vary between systems within the same geographic
regions and with similar upstream watershed characteristics.
[29] The second reason for interestuarine differences in
CO2 efflux state is the extent of eutrophication. For two
adjacent estuaries on the Ivory Coast, one of which was
heavily influenced by wastewater discharge, the other of
which was relatively pristine, the impacted estuary exhibited
significantly larger CO2 efflux [Koné et al., 2009, 2010].
Gupta et al. [2009] indicate that intense anthropogenic
activity in the microtidal Cochin Estuary, India has transformed the system from a CO2 sink to a large CO2 source in
less than 5 decades. Despite this apparent sensitivity to
anthropogenic forcings, the microtidal systems studied to
date are lower atmospheric CO2 sources than macrotidal
systems with comparable riverine C input [Cai and Wang,
1998; Frankignoulle et al., 1998; Raymond et al. 2000;
Koné et al., 2009]. The NRE and microtidal Randers Fjord,
Denmark have seen relatively moderate increases in anthropogenic OM loading but are among the lowest estuarine CO2
sources [Gazeau et al., 2005].

from those analyses is that all microtidal systems are in the
lowest 10% in terms of CO2 flux, with the exception of two
highly modified tropical estuaries. In these two estuaries,
intense anthropogenic modification of system hydrology has
either substantially increased net heterotrophy and tidally
driven mixing (Chilka Lake, IN) [Jayaraman and Dube,
2006] or entirely transformed the system from net autotrophic to highly heterotrophic (Cochin estuary) [Gupta et al.,
2009]. The distinction of tidal regime and expansion of data
collection from microtidal estuaries may lead to a lowering
of estuarine CO2 emission estimates in future global scaling
efforts.
[32] We estimate that microtidal systems account for
55% of the global estuarine surface area and 93% of microtidal systems have a lower ICEP than the NRE. Our research
and that of Koné et al. [2009] and Gazeau et al. [2005]
suggest that temperate, tropical and high-latitude estuaries
that meet both of these criteria are either much lower sources,
or even sinks, of CO2 to the atmosphere relative to macrotidal or highly modified systems. If we assume 1) that the
CO2 flux from the portion of microtidal, lower-ICEP systems that were not previously considered in global estimates
are 10% of the average flux from macrotidal estuaries, and
2) that the remaining global estuarine area is characterized
by the more recent efflux compilations, the global estuarine
flux must be scaled downward by 42%. The absolute reduction depends upon the specific compilation, but the most
applicable estimate of global estuarine CO2 flux, 32.1 mol C
m2 yr1 [Chen and Borges, 2009], would be reduced to
18.6 mol C m2 yr1.

4.3. Scaling of Estuarine CO2 Fluxes
[30] The results from this study contribute to the growing
data set of CO2 fluxes from microtidal systems that highlight
the large uncertainty in previous scaling approaches. Several
prior approaches grouped data from a small set of microtidal
systems with data from a much larger number of macrotidal
systems to define a simple average global estuarine CO2
flux. As is apparent from our data, this approach neglects
substantial differences in terms of CO2 flux from microtidal versus macrotidal systems. In the pioneering study of
Frankignoulle et al. [1998], for example, CO2 fluxes from
nine eutrophic, macrotidal estuaries in Northwestern Europe
were scaled up to represent all European estuaries. About half
the coastline of Western Europe considered in their estimates
is along the Mediterranean Sea, where nearly all estuaries are
microtidal, stratified systems [Cauwet, 1991; Borges, 2005],
but at the time, air-water CO2 flux had yet to be measured in
any European microtidal system. Recognizing now that CO2
fluxes in temperate microtidal systems may be an order of
magnitude less than in macrotidal systems, as in the case of
the NRE and Satilla Estuary, the minimum CO2 emission
estimate of Frankignoulle et al. [1998] may be overestimated
by as much as 50% based on our relative surface-area
estimates.
[31] More-recent syntheses of coastal CO2 fluxes have
expanded the geographic representation of estuaries as new
data has become available and employed scaling approaches
that categorize coastal systems by latitude [Borges et al.,
2005], ecosystem type [Chen and Borges, 2009] and hydrological, lithological and morphological criteria [Laruelle
et al., 2010]. Including our NRE data, a consistent trend

4.4. Conclusions
[33] Spatial and temporal pCO2 patterns in the NRE
showed dissimilar and seasonally opposite trends to those
observed in temperate macrotidal systems, indicating distinctive influences of hydrological and biological processes
on air-water CO2 fluxes in microtidal systems. The annual
CO2 flux of 4.7 mol C m2 yr1 in the NRE study area is well
below both the 46 mol C m2 yr1 calculated by Borges et al.
[2005] for midlatitude estuaries and the 17.3 or 28.5 mol C
m2 yr1 estimated by Laruelle et al. [2010]. Furthermore,
our air-water CO2 flux estimates for the NRE may be overestimated. Results from a related study show a sinusoidal
pattern of surface water pCO2 over a 24-h period, with a
maximum in the mid-morning and a minimum in the late
afternoon (J. R. Crosswell, unpublished data, 2010). Here,
the lower and middle estuary were sampled in the morning on
every survey and hence, the regions representative of 95% of
the study area were likely sampled closer to the diel pCO2
maximum than to the diel pCO2 minimum throughout the
duration of the study. Additionally, the total CO2 flux did
not include the large region between the eastern boundary of
the lower estuary and the Pamlico Sound. Preliminary data
suggests that this region could be an annual CO2 sink (J. R.
Crosswell, unpublished data, 2010).
[34] Given the relatively low annual CO2 efflux from the
NRE and other tropical and temperate microtidal systems,
our findings suggest that global estuarine CO2 emissions are
likely overestimated by the current classification approaches.
As a means to improve estimates and better constrain scaling
uncertainty, we suggest a statistical classification approach
that utilizes currently available CO2 flux data representing a
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wide range of estuarine types to quantify the relative significance of system characteristics (e.g., tidal regime, latitude,
stratification, etc.). The data presented in this study represent
CO2 fluxes from a temperate, microtidal estuary and highlight the importance of concurrent efforts to improve scaling
approaches and expand geographic and typologic coverage
of estuarine CO2 fluxes.
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