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Abstract

Shallow coastal waters serve an important role as long-term carbon (C) sinks because they capture terrestrial C
and retain internally produced C in wetlands and sediments. We show that tropical cyclones (TCs) can lead to
rapid CO2 efflux from estuaries, driven by physical and biogeochemical perturbation of these coastal C reservoirs,
and that the magnitude of TC-driven CO2 emissions may offset C that accumulates over much longer timescales.
In August 2011, Hurricane Irene passed over North Carolina’s Neuse River Estuary–Pamlico Sound (NRE-PS),
which is part of the second largest estuarine system in the U.S., the Albemarle–Pamlico Sound. Irene rapidly
changed the NRE-PS system from a small CO2 sink to a large CO2 source. Irene-induced CO2 efflux from the
NRE alone was at least four times the annual riverine C input and seven times the annual atmospheric CO2

uptake. The magnitude and duration of ecosystem disturbance from TCs vary with storm intensity and frequency
but likely are qualitatively similar across many terrestrial and coastal systems. Consequently, altered TC activity
under future climate scenarios may shift the balance between C accumulation in, and release from, coastal C
reservoirs.

Estuaries are highly active sites of carbon (C) transfor-
mation and exchange between land, ocean, and atmo-
sphere. Estuaries receive , 50% of the terrestrial organic C
(OC) that is input to inland waters, and the annual OC
burial in coastal waters along the estuary–shelf continuum
is approximately one third of the annual OC burial in the
global ocean (Duarte et al. 2005; Regnier et al. 2013).
However, the transport and processing of C in estuaries
can be altered by climate-driven shifts in hydrology and
physical perturbation by storms (Bauer et al. 2013; Wetz
and Yoskowitz 2013). Tropical cyclones (TCs) are highly
significant perturbations affecting estuarine biogeochemi-
cal processes (Paerl et al. 2006; Bauer et al. 2013), and
recent climate models suggest TCs may become more
intense but less frequent over the coming century (IPCC
2013). To project the effects of global climate change on
estuarine biogeochemical dynamics and C storage capacity,
it is imperative to first establish the magnitude and
direction of C flux in response to TCs.

TC-driven perturbations potentially affect CO2 fluxes in
shallow coastal waters through two primary mechanisms.
During the storm, extreme physical forcing increases air–
water gas exchange and can release CO2 from environments
where atmospheric exchange is normally limited (McNeil
and D’Asaro 2007; Huang and Imberger 2010; Ha and
Park 2012). After the storm, hydrological forcing and input
of organic matter (OM)– and nutrient-enriched waters alter
the internal biogeochemical controls on estuarine C cycling
(Hagy et al. 2006; Wetz and Yoskowitz 2013). Intense
physical and biogeochemical perturbations by TCs have
been observed in numerous coastal systems, but effects on

air–water CO2 fluxes have yet to be determined (Paerl et al.
2006; Sampere et al. 2008; DeLaune and White 2012).
Here, we utilize observations of CO2 partial pressure (PCO2

)
to quantify the effect of Hurricane Irene (2011) on air–
water CO2 flux in a large microtidal estuary, the Neuse
River Estuary–Pamlico Sound (NRE-PS), North Carolina.

Methods

Study site—The NRE-PS is the largest component of the
lagoonal Albemarle–Pamlico Sound (APS) system, which is
made up of four subestuaries (NRE, PS, Pamlico River
Estuary, Albemarle Sound), which are separated from the
Atlantic Ocean by a chain of barrier islands having three
narrow tidal inlets (Fig. 1). Limited exchange with coastal
waters restricts tidal amplitudes to , 10 cm, and variations
in water level are predominantly wind-driven as a result of
the large fetch of the APS (Luettich et al. 2000). APS waters
are weakly buffered, particularly during high river dis-
charge, due to the low alkalinity and dissolved inorganic
carbon (DIC) in feeder rivers (Crosswell et al. 2012).

Environmental setting—On 27–28 August 2011, Hurri-
cane Irene (category 1 at landfall) passed directly over the
NRE-PS, producing rainfall . 200 mm and sustained
winds . 37 m s21 (Fig. 1). The storm completely mixed the
NRE-PS water column and continued on a path that
affected the entire Mid- and north Atlantic Coast of the
U.S. Wind-forcing drove high wave action and current
velocities, and storm tides of up to 4 m flooded low-lying,
C-rich wetlands (McCallum et al. 2012; Fig. 1). High
rainfall in the NRE watershed led to a poststorm river
discharge pulse that established a strong vertical salinity* Corresponding author: jrc62@live.unc.edu
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gradient, which persisted for 3 weeks following storm
passage.

Surveys—The NRE-PS system has been intensively
monitored for water-quality parameters for more than
two decades as part of the NRE Modeling and Monitoring
Project, ModMon (Paerl et al. 2001; Crosswell et al. 2012).
In July 2009, NRE monitoring efforts were augmented to
quantify CO2 fluxes through high-resolution spatial surveys
of surface-water CO2 partial pressure (PCO2

) and auxiliary
parameters (surface temperature [ST], salinity, turbidity,
dissolved oxygen [O2(aq)], and chlorophyll a [Chl a];
Crosswell et al. 2012). In August 2010, the survey area
was expanded to include the entire NRE (504 km2), and
separate surveys were conducted in the southern PS, over
approximately one third of the total PS area (4418 km2).
Prior to Hurricane Irene, the NRE and PS surveys were
combined and further extended to cover a surface area of
,4000 km2 from Cape Hatteras on the Outer Banks to
New Bern, North Carolina, at the mouth of the Neuse

River (Fig. 1). Spatial surveys were conducted 3 d before
and 1, 12, and 17 d after Hurricane Irene. Continuous
along-track data were distance weighted to determine areal
averages for PCO2

and auxiliary parameters in the NRE and
PS. PCO2

surveys were conducted at approximately the
same time of day, beginning at 14:00 h Coordinated
Universal Time (UTC) in the PS and reaching the NRE by
17:00 h. Short across-axis PCO2

surveys were also conducted
near Sta. 28 during diurnal, wind-driven upwelling events
(Reynolds-Fleming and Luettich 2004) on 25 August and
26 August, 1 and 2 d prior to Irene. ModMon surveys
required 2 days to sample both the NRE and PS, with all
surveys beginning at approximately 14:00 h. ModMon
surveys were completed within 2 days of each PCO2

survey.
Surface-water PCO2

and auxiliary parameters were
collected at a horizontal resolution of , 10 m using a
flow-through system with a showerhead equilibrator and
infrared gas analyzer onboard a small research vessel
(Crosswell et al. 2012). During the 14 September 2011 PCO2

survey, 17 d after the storm, bottom water was sampled by

Fig. 1. PCO2
survey track (top insert) and track of Hurricane Irene over APS waters: Neuse

River Estuary (NRE), Pamlico River Estuary (PRE), Albemarle Sound, Pamlico Sound. NOAA
Coastal Change Analysis Program land cover and ADCIRC-SWAN storm surge inundation data
are projected over the APS watershed. NRE sampling locations are labeled by distance
downstream from New Bern, North Carolina, and PS stations are labeled by order of collection.
Sta. P10, P11, and P12 were sampled on the 14 September PCO2

survey only. An asterisk denotes
bottom-water PCO2

sample locations on 14 September.
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connecting a pump to the flow-through intake and lowering
a hose to 0.5 m above the sediment. These bottom-water
samples were taken at the midpoint of each cross-axis
transect in the PS and at Sta. 0, 13, 28, and 58 in the NRE
(Fig. 1).

Gas-transfer velocity—Air–water CO2 exchange is driven
by the difference between the PCO2

in the surface water and
the atmosphere (DPCO2

) scaled by the CO2 gas solubility,
and the rate of the exchange is set by the gas-transfer
velocity of CO2 (k). The transfer velocity is most commonly
parameterized as a function of wind speed normalized to
10 m above the water surface (u10). Large ranges of k(u10)
parameterizations have been identified through prior
research (Wanninkhof et al. 2009), and it is prudent to
apply a parameterization that appropriately represents the
conditions observed during this study. We compare recent
and widely used k(u10) dependencies in Table 1 and Fig. 2
and justify our choice of parameterizations in the following
paragraphs.

Three methods have been used to determine k(u10)
parameterizations: (1) small-scale measurement with a float-

ing dome, (2) CO2 covariance techniques, and (3) mass-
balance estimates from the local release of gas tracers
(Table 1). Floating dome studies typically derive steeper
k(u10) dependencies, which yield k values that we view as
unrealistically high (e.g., . 10,000 cm h21 at wind speeds
of 25 m s21 for the equation of Raymond and Cole, 2001)
if extrapolated to the extreme wind speeds observed
during Irene (Fig. 2). Relatively precise k measurements
have been achieved using dual supersaturated gas tracers
at low to moderate winds, but large uncertainties persist
at high winds; widely used gas tracer parameterizations
have been shown to underestimate air–water CO2 fluxes in
shallow coastal waters by as much as 90% due to enhanced
gas exchange driven by wave breaking, bubbles, and bottom-
generated turbulence (Woolf et al. 2007; Ho et al. 2014).
Additionally, fluxes based on tracer budgets are integrated
over a period of 12–24 h, which would underestimate peak
gas exchange by nonlinear dependencies on high and highly
variable winds, such as experienced during major storm
events (Wanninkhof et al. 2009). The highest u10 range has
been measured using CO2 covariance methods (Table 1),
which are able to resolve short-interval fluxes because 20–
30 min measurement periods are binned by wind speed
(Wanninkhof et al. 2009; Edson et al 2011). Accordingly, we
estimated CO2 fluxes using the k(u10) parameterization of
Prytherch et al. (2010), or ‘‘P10,’’ because it is derived from
what is currently the most extensive directly measured CO2

flux data set, spanning the largest range of wind speeds
(Table 1), and the CO2 covariance method used by Prytherch
et al. (2010) is the only method that represents high-wind
fluxes on the short timescales of TC-driven forcing.

CO2 fluxes are subject to large uncertainties, even in
estuaries where gas exchange has been directly measured
(Borges et al. 2004; Abril et al. 2009; Alin et al. 2011). For
this reason, we have provided a lower bound for all CO2

flux estimates using the k(u10) parameterization of Ho et al.
(2006) or ‘‘H06,’’ which gives the lowest flux values of all
widely used gas-transfer parameterizations (Fig. 2). CO2

fluxes and C transport estimates are presented in the text as
P10, with H06 listed subsequently in brackets: P10 (H06).

CO2 fluxes—Spatially averaged air–water CO2 fluxes
were grouped into two time periods: the ‘‘during-storm’’

Table 1. Method, wind speed range, and sampling period for k(u10) parameterizations.

k(u10) parameterization Method Wind speed* (m s21) Sampling period (d)

RC01, Raymond and Cole (2001) Synthesis (floating dome) 0–7
MH93, Marino and Howarth (1993) Floating dome 0–10 9
P10, Prytherch et al. (2010) Covariance 0–20 55{
E11, Edson et al. (2011) Covariance 0–18 35
M01, McGillis et al. (2001) Covariance 1–16 24
W09, Wanninkhof et al. (2009) Synthesis —{
W92, Wanninkhof (1992) SF6 1–7 14
J08, Jiang et al. (2008) Synthesis 0–11
H06, Ho et al. (2006) 3He, SF6 2–5 9
H11, Ho et al. (2011) 3He, SF6 8–16 21

* Average u10 over each measurement interval.
{ 3938 20 min measurement intervals collected over 38 months.
{ u10 range not reported.

Fig. 2. Comparison of k(u10) dependencies from Table 1 at
u10 , 15 m s21 (insert) and u10 . 15 m s21.
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period, representing the short-term effect of TC-force winds,
and the ‘‘poststorm’’ period, reflecting longer-term effects of
hydrological and biological forcing. The during-storm
period was defined as the interval when the distance from
the estuary center to Irene’s wind center was , 500 km,
the approximate radius of Hurricane Irene’s sustained
winds of . 10 m s21. This threshold was chosen based on
prior observations that show the NRE-PS water column is
typically well-mixed when sustained winds exceed , 10 m s21

(Luettich et al. 2000; Whipple et al. 2006). The during-storm
period lasted 43 h in the NRE and 42 h in the PS from 26 to
28 August 2011. The poststorm period ended on 14
September at the completion of the last PCO2

survey. The
total during- and poststorm study period was 20 d.

Air–water CO2 fluxes were calculated according to Eqs.
1–3 using spatially averaged PCO2

, salinity, and ST in the
NRE and PS, hourly u10, and the average atmospheric PCO2

measured before and after each survey. The mole fraction
of atmospheric CO2 (xCO2, mmol mol21) was converted to
PCO2

by multiplying by atmospheric pressure, a correction
that was significant during the low ambient pressures
associated with Irene.

Flux~K0(k660)(DPCO2
)(SCST=660){0:5 ð1Þ

P10 : k660~5:29z0:034u3
10 ð2Þ

H06 : k660~0:266u2
10 ð3Þ

where K0 is the CO2 solubility coefficient (Weiss 1974), k660

is the gas-exchange coefficient (cm h21), DPCO2
is the

difference in CO2 partial pressure between water and air
(dPa), and ScST is the Schmidt number for CO2 at ambient
ST and salinity (Wanninkhof 1992). All values were
interpolated on hourly intervals between survey dates,
except for during-storm PCO2

and atmospheric pressure, for
which interpolation methods are described below.

During-storm CO2 fluxes were calculated using 2u u10

grids from the National Oceanic and Atmospheric Admin-
istration (NOAA) Atlantic Oceanographic and Meteoro-
logical Laboratory (AOML, http://www.aoml.noaa.gov/
hrd/data_sub/wind.html). The u10 grid was spatially pro-
jected over the APS, and hourly winds were derived for
each APS subsystem (NRE, PS, Pamlico River Estuary,
Albemarle Sound) by averaging the 8 AOML grid points
closest to the areal centroid of the respective region
(determined using ArcGIS 10.0 geospatial analyst toolbox).
Hourly data from the National Data Buoy Center (NDBC)
Sta. CLKN7 at Cape Lookout, North Carolina, were used
for all other time periods.

No measurements were made during Irene due to the
clear risks of in-field observations, but recent modelling
simulations indicate that high wind and current velocities
mixed the vertically stratified water column and resus-
pended estuary sediments at the onset of the during-storm
period (Brown et al. 2014; R. Corbett pers. comm.). We
represent the concomitant input of high-PCO2

bottom and
pore water as a step increase in surface-water PCO2

, based
on in vitro simulations of PCO2

during estuarine resuspen-

sion events (Abril et al. 2010). Surface PCO2
was estimated

using areally averaged data 1 day after the storm and
corrected for hourly atmospheric pressure from NDBC Sta.
CLKN7. This representation clearly simplifies the response
of a shallow, weakly buffered estuary to extreme physical
perturbation during a TC; we justify this stepwise approach
as a conservative choice to estimate during-storm CO2 flux
and discuss relevant uncertainties in later sections.

C budget—We constructed a first-order water and C
budget to determine if water-column CO2 lost through air–
water efflux could be actively replenished by vertical mixing
and C input from river discharge, sediment resuspension,
and nonriverine stormwater runoff. Hourly river discharge
was obtained from two U.S. Geological Survey streamflow
gauging stations (Neuse River 02091814, Trent River
02092500), both located approximately 20 km upstream
from Sta. 0 (Fig. 1). Stormwater input was determined
using rainfall data from the U.S. National Aeronautics and
Space Administration Tropical Rainfall Measuring Mis-
sion (3B42 V7; http://trmm.gsfc.nasa.gov), assuming a
100% runoff coefficient. DIC, dissolved OC (DOC), and
particulate OC (POC) concentrations in river and storm-
water input were assumed to be equal to the DIC, DOC,
and POC concentration of the freshwater sample at Sta. 0
on 30 August 2011. Potential bias due to this assumption is
discussed in later sections. Sediment and pore-water C
concentrations were estimated from Alperin et al. (2000)
and Benninger et al. (2008) with the exception of pore-
water DOC in the PS, for which no data were available.
Degradation of riverine OC to DIC after Irene was
quantified by applying a one-dimensional transport model
to the freshwater region of the upper estuary, a 54 km2

region between Sta. 0 and 13 (Fig. 1), where salinity was
, 1 on both the 29 August and 08 September PCO2

surveys.
Exchange coefficients for DIC, DOC, and POC were
determined from 29 August to 08 September using
ModMon data and river discharge.

The total DIC contained in NRE waters was quantified
based on discrete ModMon samples of surface and bottom
water. The pycnocline depth was determined from vertical
profiles at each sample station and then spatially interpo-
lated over the NRE surface area in ArcGIS 10.0. Surface-
and bottom-water volumes between consecutive stations
were calculated using a 2011 bathymetric–topographic
digital elevation model (DEM) with 10 m resolution in
the NRE-PS (Grothe et al. 2012). DIC concentrations were
multiplied by the respective segment volume and summed
to give the total DIC. The ‘‘exchangeable CO2,’’ i.e., the
quantity of DIC that could be exchanged with the
atmosphere before reaching gas-solubility equilibrium,
was calculated using CO2SYS (Lewis et al. 1998) and
DIC, salinity, temperature, and PCO2

at discrete sample
locations.

Current velocities and storm-tide elevation were esti-
mated using several high-resolution data sets: Hurricane
Irene storm tides from the Advanced Circulation (AD-
CIRC) storm surge model and the Simulating Waves
Nearshore (SWAN) wind wave model (http://nc-cera.renci.
org, Blanton et al. 2012), storm-tide time series from tidal
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gauges in the APS (McCallum et al. 2012), and the
aforementioned DEM. The DEM was overlain with
storm-tide data in ArcGIS 10.0 to estimate the NRE
volume at the maximum and minimum water level.
Average current velocities during the flood and ebb storm
tides were then determined at the midpoint of the NRE and
at the NRE-PS border by dividing the change in NRE
volume east of the respective cross section by the average
cross-sectional area during the flood and ebb interval.

Results

Hydrographic and hydrological conditions—Prestorm:
Three days prior to landfall of Hurricane Irene (24
August), subregions of both the NRE and PS varied from

a small CO2 source to a small CO2 sink, driven mostly by
spatial variations in DPCO2

(Fig. 3). No bottom-water PCO2

measurements were collected immediately prior to Irene;
however, hydrographic conditions, such as vertical strati-
fication of the water column and hypoxic bottom waters in
early August 2011, the latter being a product of intense
microbial respiration and production of CO2, were
consistent with previous summertime observations of high
PCO2

in subpycnal waters (Table 2). High surface PCO2
was

observed on prestorm across-axis surveys during brief
upwelling events near Sta. 28. PCO2

in the localized
upwelling region exceeded 15,500 dPa on 25 August and
7500 dPa on 26 August, respectively (data not shown),
demonstrating the potential exposure of high-PCO2

bottom
waters in response to wind-driven forcing.

Fig. 3. DPCO2
in the NRE and PS 3 d before and 1, 12, and 17 d after Hurricane Irene. Negative values indicate an atmospheric CO2

sink, while positive values indicate an atmospheric CO2 source.
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During-storm: The dynamics of the surface PCO2

response to the storm are unknown, but they depend
critically on mixing and allochthonous C delivery. For the
first 12 h of the storm, northeast winds pushed waters from
the PS into the NRE (Figs. 4, 5). The mean depth of the
NRE increased from 3.7 m to 5.8 m, more than doubling
the NRE volume from 1.7 3 109 m3 to 4.4 3 109 m3

(Fig. 6). The mean current velocity required to support this
water influx was 1.5 m s21 at Sta. P1 and 2.3 m s21 at Sta.
28. The most-intense physical forcing occurred after Irene’s
eye passed the NRE, when winds shifted to the west,
driving the storm tide back toward the PS (Figs. 4, 5) and
decreasing the mean depth of the NRE to approximately
2.7 m in 6 h. Mean current velocities during this interval
were 3.0 m s21 at Sta. P1 and 5.0 m s21 at Sta. 28. These
wind and current velocities were sufficient to drive strong
vertical mixing and sediment resuspension, which would
have rapidly increased surface PCO2

at the onset of the
storm and maintained vertically constant PCO2

throughout
the water column (Luettich et al. 2000; Abril et al. 2010).
Based on the aforementioned transport estimates, it
appears that the input of C from river discharge and
stormwater runoff during Irene was minor relative to wind-
driven water displacement (Fig. 6).

Poststorm: On 29 August, the areally averaged PCO2
in

the NRE and PS were, respectively, 2000 dPa and 470 dPa,
the highest recorded in either system out of 57 surveys
between 2009 and 2011 (Figs. 3, 5). The largest pre- to
poststorm increase in PCO2

occurred in the upper NRE (Sta.
0-28) and was correlated with a significant increase in NHz

4
and NO{

3 zNO{
2 (Fig. 3; Table 3). Concentrations of

NHz
4 and NO{

3 zNO{
2 in poststorm Neuse River water

were more than 10 times lower than those observed in the
upper NRE surface water on 30 August, indicating that
the pre- to poststorm increase was primarily due to input
from sediment resuspension. The volume-weighted average
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Fig. 4. Storm tide elevation relative to mean surface level in
the Neuse River Estuary (NRE), Pamlico River Estuary (PRE),
Albemarle Sound (AS), and Pamlico Sound (PS), measured at
gauges shown in Fig. 1.
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NHz
4 on 29–30 August was four times higher than

prestorm NHz
4 in the NRE (Table 3) and two times higher

in the PS (data not shown). All prestorm NO{
3 zNO{

2
concentrations in the NRE-PS were below the detection
limit of 0.02 mmol N L21, suggesting that the high PCO2

and
NO{

3 zNO{
2 immediately after Irene may be partially due

to water-column nitrification during the storm, as discussed
in later sections.

The maximum PCO2
occurred near Sta. 0, where values

were approximately 7000 dPa on all poststorm surveys
(Fig. 3). The high-PCO2

signal rapidly diminished down-
estuary, as CO2 was ventilated to the atmosphere, taken
up by primary production, or converted to nonvolatile
carbonate species (Fig. 3). This trend was consistent with
our prior observations in the NRE during flood conditions
(Crosswell et al. 2012). Surface-water PCO2

in the lower
NRE (Sta. 28-P1) and PS was highly variable, and regions
of low PCO2

were strongly correlated with high O2(aq) and
Chl a. A twofold increase in turbidity after storm passage
was observed throughout the NRE-PS (Fig. 7). Some
spikes in turbidity were observed near phytoplankton
blooms but did not otherwise correlate with Chl a. Hence,
the high turbidity on 29 August appeared to be due to
suspended material that remained in the water column after
Irene. Bottom-water data indicate that PCO2

in subpycnal
waters increased throughout the poststorm period due to
the degradation of OM; poststorm riverine OC concentra-
tions and NHz

4 in NRE bottom waters were the highest
ever recorded by ModMon in the NRE-PS (Table 3).

Hydrologic forcing was the dominant physical control
on poststorm PCO2

. Floodwaters delivered high-PCO2
, OM-

enriched freshwater to the NRE and drove strong vertical
stratification throughout the NRE-PS (Tables 2–4). Storm
tide and salinity data show that the NRE-PS quickly
restratified late in the during-storm period; as TC-force
winds diminished, water from the PS flowed back into APS
subestuaries below the less-dense surface water, increasing
the water level in NRE, Pamlico River Estuary, and
Albemarle Sound (Fig. 4; Tables 3, 4). This strong vertical
stratification limited CO2 exchange between surface and
bottom waters throughout most of the NRE-PS. Freshwa-
ter input by the poststorm discharge pulse decreased the
average surface salinity by , 50% (08 September) in the
NRE and , 15% (14 September) in the PS relative to
prestorm conditions (Figs. 5, 7; Tables 3, 4). The response

Fig. 5. (A) u10, Neuse River discharge at Ft. Barnwell, North
Carolina, DPCO2

, and air–water CO2 flux from 24 August 2011 to
14 September 2011. (B) During-storm u10, atmospheric (atm)
pressure, and air–water CO2 flux.

Fig. 6. Water and C budget in the NRE for the during-storm (D) and poststorm (P) periods.
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time of surface PCO2
to air–water exchange and biological

processing was short under these relatively fresh and
weakly buffered conditions, contributing to the high spatial
and temporal variability observed on poststorm surveys
(Fig. 3). Areally averaged surface temperature varied by
only 1uC between surveys (Fig. 7) and did not have a
significant effect on pre- to poststorm fluxes.

Air–water CO2 fluxes and C budget—Pre-storm: Areally
averaged CO2 fluxes in the NRE and PS were low
immediately prior to Irene. On 24 August, both systems
were a CO2 source of 0.1 (0.1) mmol C m22 h21 (Fig. 5A).
On two earlier surveys in August 2011, both systems were
small CO2 sinks. This near-neutral flux from 01 to 24
August was consistent with prior summertime observations
in the NRE-PS (Crosswell et al. 2012). By comparison, the
NRE and PS were both CO2 sinks of 20.1 (20.1) mmol C
m22 h21 in August 2010.

During-storm: The average during-storm CO2 fluxes in
the NRE and PS were, respectively, 170 (57) mmol C
m22 h21 and 16 (4.6) mmol C m22 h21, and the maximum
fluxes were 520 (140) mmol C m22 h21 and 64 (13) mmol C

m22 h21 (Fig. 5B; Table 5). Maximum k values in the NRE
and PS were 1030 (270) and 2000 (420) cm h21, respec-
tively. Regardless of the gas-transfer parameterization,
the during-storm fluxes were significant departures from
previous fluxes in the NRE-PS (Table 5); the highest CO2

efflux in the year prior to Irene was 1.4 (0.8) mmol C
m22 h21, and the highest CO2 uptake was 23.9 (21.4)
mmol C m22 h21.

The during-storm CO2 efflux of 43 (15) gigagrams of
carbon (Gg-C) from the NRE was not only large relative to
nonstorm CO2 exchange (Table 5), but it was also larger than
the capacity of many of the reservoirs and transfers available
to support this flux. The prestorm NRE water column
contained, at most, 4.4 Gg-C of exchangeable CO2, even if we
assume that the bottom water was characterized by the
saline, high-PCO2

waters observed during typical summertime
conditions in prior years. Supply of C from river and
stormwater runoff during Irene amounted to only 2.2, 4.6,
and 0.6 Gg-C as DIC, DOC, and POC, respectively (Fig. 6).

C input from the resuspension of NRE sediment
represents the only potential C-supply mechanism that
could support the during-storm CO2 efflux. The estimated
DIC, DOC, and POC input per unit depth of sediment
resuspension was, respectively, 1.5, 0.3, and 130 Gg-C cm21

depth over the entire NRE (Fig. 6), based on sediment C
content from Alperin et al. (2000) and Benninger et al.
(2008). The CO2 efflux of 36 (10) Gg-C from the PS
(Table 5) was smaller relative to the DIC and POC input
from sediment resuspension: 2.3 and 405 Gg-C cm21 depth,
respectively, over the entire PS. Despite this large potential
DIC input from sediment resuspension, the DIC : salinity
relationship showed a pre- to poststorm decrease through-
out the NRE-PS (Fig. 8) and was significantly larger than
could be explained by dilution from rainfall, stormwater
runoff, or river input (Fig. 6). Hence, this decrease in the
DIC : salinity relationship indicates a net loss of DIC from
NRE-PS waters during Irene.

Poststorm: The average poststorm CO2 fluxes in the
NRE and PS were 6.4 (4.2) mmol C m22 h21 and 0.3 (0.2)
mmol C m22 h21, respectively (Table 5). Hourly averaged

Fig. 7. Areally averaged surface parameters from NRE-PS
PCO2

surveys.

Table 4. ModMon samples of PS surface (S) and bottom (B) water.

29 August 2011 08 September 2011

Station P1 P2 P3 P4 P5 P6 P7 P8 P9 P1 P2 P3 P4 P5 P6 P7 P8 P9

Salinity

S 23 24 23 24 25 25 25 26 25 18 19 21 23 24 24 26 26 19
B 27 26 27 33 33 33 30 28 29 27 26 26 26 29 27 31 27 26

O2(aq) (% sat)

S 116 115 112 116 115 113 116 119 109 96 102 108 92 106 108 107 104 100
B 68 72 76 68 78 68 79 80 75 53 79 63 85 70 78 72 92 88

POC (mmol L21)

S 393 158 145 121 107 115 113 134 113 185 112 245 109 87 96 93 97 107
B 136 141 131 160 87 80 133 99 113 186 155 131 162 136 132 77 96 132

DOC (mmol L21)

S 480 344 353 331 316 316 310 282 344 542 457 433 364 362 335 320 298 456
B 304 329 286 131 128 156 247 281 271 306 291 309 302 239 294 193 284 293

Estuarine CO2 fluxes during a hurricane 1659



u10 during this period was approximately equal to the
annual average, but poststorm fluxes were significantly
higher than prior nonstorm fluxes due to the higher DPCO2

.
The total poststorm CO2 efflux was 17 (11) Gg-C from the
NRE and 7.3 (4.5) Gg-C from the PS (Table 5).

CO2 efflux was highest in the river-dominated upper
estuary and was larger than could be supported by
offgassing of riverine CO2 alone. We estimated the
degradation of OC to DIC in the low-salinity (, 1) region
of the upper estuary between 29 August and 08 September,
as nonriverine inputs could be considered negligible. CO2

efflux from the freshwater region was 4.3 (2.9) Gg-C. If
exchangeable CO2 had not been replenished by the
degradation of OC during this interval, then the CO2

efflux could have been, at most, 0.7 Gg-C. Accordingly,
degradation of 3.6 Gg-C of OC (35% of the riverine OC
input) was required to support the P10-based CO2 efflux
between 29 August and 08 September, while degradation
of 2.2 Gg-C of OC (25% of the riverine OC input) was
required to support the H06-based CO2 efflux. Regardless
of the gas-transfer parameterization, over 80% of the CO2

efflux from the freshwater region must have been sustained
by degradation of OC.

The lower NRE and PS were net CO2 sources
throughout the poststorm period (Figs. 3, 5), but surface-
water PCO2

progressively declined due to CO2 efflux and
isolation of autotrophic surface waters from heterotrophic
bottom waters (Tables 3, 4). Strong vertical stratification

allowed large regions of the NRE and western PS to
function as sinks for atmospheric CO2 by 14 September,
while the relatively well-mixed eastern PS remained an
atmospheric CO2 source (Fig. 3; Table 2). We estimate that
NRE-PS surface waters on 14 September contained 6 Gg-C
of exchangeable CO2; however, a large quantity of
exchangeable CO2 (, 60 Gg-C) remained stored in
subpycnal waters due to the widespread vertical stratifica-
tion sustained by the poststorm freshwater discharge pulse.

Effect of Hurricane Irene on the annual C budget—In the
year prior to Irene, areally averaged PCO2

in the NRE and
PS ranged from 270 to 480 dPa (15 surveys) and 350 to
430 dPa (8 surveys), respectively, and both systems
functioned as annual sinks for atmospheric CO2 (Table 5).
From 01 August 2010 to 01 August 2011, the atmospheric
C input of 28.1 (25.2) Gg-C to the NRE equaled , 25%
of the annual riverine C input: 11, 14, and 1.0 Gg-C as
DIC, DOC, and POC, respectively.

On the three poststorm surveys, areally averaged PCO2

was 2000, 1500, and 1100 dPa in the NRE and 470, 450,
and 410 dPa in the PS. The CO2 efflux from the NRE over
the 20 d during- and poststorm study period was 61 (26)
Gg-C, a source with magnitude over seven (five) times
greater than the nonstorm annual CO2 uptake of 28.1
(25.2) Gg-C (Table 5). Despite the much larger area of the
PS, the 20 d CO2 efflux (43 [15] Gg-C) was lower than the
NRE efflux and offset a relatively smaller portion of the
annual CO2 uptake. Riverine and stormwater C input to
the NRE over the 20 d study period was 6.0, 13, and 2.2
Gg-C as DIC, DOC, and POC, respectively, and was
comparable to the annual Neuse River C input prior to
Irene (Fig. 6).

Discussion

Controls on during-storm fluxes—Surface PCO2
: The

stepwise interpolation of during-storm PCO2
had a signif-

icant effect on CO2 flux estimates, and this choice requires
justification for the response of a relatively fresh, shallow
estuary to an extreme wind event like Irene. Given the
elevated PCO2

in bottom waters, we can reasonably assume
that a steep increase in PCO2

occurred as the NRE-PS water
column was completely mixed early in the during-storm
period (Abril et al. 2010). After this initial mixing, it might
be expected that PCO2

in the weakly buffered waters of the
NRE-PS would rapidly approach gas-solubility equilibrium
due to the exponential increase in gas-transfer velocity.
However, the pre- to poststorm PCO2

response was not
toward equilibrium, but rather showed a significant

Table 5. Air–water CO2 flux and total C transport during respective intervals.

k(u10) equation

01 Aug 2010–01 Aug 2011 During-storm (42 h) Poststorm (17 d)

(mol C m22 yr21) (Gg-C) (mol C m22 h21) (Gg-C) (mol C m22 h21) (Gg-C)

P10 (H06)

NRE 216 (210) 28.1 (25.2) 170 (57) 43 (15) 6.4 (4.2) 17 (11)
PS 215* (210*) 222* (214*) 16 (4.6) 36 (10) 0.3 (0.2) 7.3 (4.5)

* Based on surveys of , 33% PS surface area.

Fig. 8. DIC : salinity relationship in the NRE (15 August, 24
August, 30 August, 06 September) and PS (22 August, 29 August,
08 September) surface water.

1660 Crosswell et al.



increase in PCO2
across the entire system. For surface PCO2

to remain above atmospheric PCO2
during the storm, the

air–water CO2 efflux must have been partially balanced by
CO2 input to the water column. The degree to which
surface PCO2

initially increased and subsequently decreased
during the storm cannot be determined given the multiple
drivers of the PCO2

dynamics. As a conservative estimate,
we assume that the lowest possible PCO2

after initial mixing,
the average surface PCO2

on 29 August, was relatively
constant throughout the storm. Supporting this assump-
tion, Evans et al. (2012) found that surface-water PCO2

in
the Columbia River Estuary, Oregon–Washington, U.S.A.,
decreased after a major storm and was lowest ,1 d after
high winds diminished.

It is possible that metabolic processes may have
influenced PCO2

prior to the first poststorm survey on 29
August. However, O2(aq) on 29 August was above
atmospheric equilibrium (Fig. 7), indicating that the pre-
to poststorm PCO2

increase occurred during the storm. If
PCO2

had increased immediately after the storm due to
persistent oxidation of resuspended material, a subsaturat-
ed O2(aq) signature would have been retained under the low-
wind conditions (Fig. 5A). Instead, the high O2(aq) on 29
August indicated that PCO2

in the 24 h period after the
storm would have decreased due to metabolic CO2 uptake.
Supersaturation of surface O2(aq) can also occur due to
bubble entrainment at high wind speeds, but areally
averaged O2(aq) on 29 August (145% in the lower NRE,
117% in the PS) was significantly higher than could be
explained by bubble entrainment alone and required O2(aq)

input from autotrophic production (McNeil and D’Asaro
2007). While it is apparent that oxidation of resuspended
material increased PCO2

during the storm, as discussed in
the following section, this low-O2(aq) signature would have
been lost due to the high gas-transfer velocity of O2.

Replenishment of surface PCO2
: River and stormwater

DIC input during Irene was , 15% of the during-storm
CO2 efflux from the NRE. This may be an underestimate
due to our assumption that freshwater C content during the
storm was equal to the freshwater sample collected on 30
August. Yoon and Raymond (2012) showed that storm-
water DOC concentrations in an Irene-affected watershed
rapidly increased at the onset of the storm but had
decreased by 60% 2 d after storm passage. If stormwater
C concentrations were also 60% higher in the NRE, then
the during-storm freshwater input for DIC, DOC, and
POC would equal 4.4, 9.2, and 1.2 Gg-C, respectively.
Applying these higher loading values and assuming one
third of this OC was labile, as observed by Yoon and
Raymond (2012), we estimate that freshwater inputs could
replenish, at most, 7.9 Gg-C of the during-storm CO2 efflux
from the NRE (43 [15] Gg-C). Even using this upper bound
for freshwater input, a much larger DIC input from
sediment resuspension is required to account for the pre-
to poststorm increase in surface PCO2

.
In estuaries like the NRE-PS, high wind speeds increase

air–water CO2 efflux but also increase wave action and
current velocities, which resuspend sediments (Luettich et
al. 2000; Whipple et al. 2006). By this mechanism, the input
of DIC from pore waters could actively replenish a portion

of the CO2 lost to air–water efflux during the storm.
Benninger et al. (2008) observed a sediment resuspension
depth of . 24 cm from even the deepest regions of the
NRE-PS during Hurricane Floyd (1999), a similarly large
but less-intense TC than Irene. If we assume the same
resuspension depth during Irene, then the mobilization of
DIC, DOC, and POC into the NRE water column would
equal 35, 7.2, and 3200 Gg-C, respectively, and mobiliza-
tion of DIC and POC into the PS water column would
equal 56 and 9800 Gg-C, respectively. The pre- to
poststorm decrease in DIC : salinity (Fig. 8) indicates that
this large input of pore-water DIC must have been coupled
with a reduction in water-column pH.

Exposure of anoxic estuarine sediment and pore water to
oxic conditions, e.g., during TC-driven resuspension, can
rapidly increase water-column DIC and decrease pH due to
oxidation of OM and reduced inorganic compounds
(Eggleton and Thomas 2004; Middelburg and Herman
2007; Abril et al. 2010). Abril et al. (2010) found that the
most significant changes in DIC and pH of in vitro
sediment resuspensions occurred within 24 h of resuspen-
sion, and the authors estimated a conservative OM
oxidation rate of 0.6 mol C m23 d21. If we apply this rate
to the average NRE volume (2.5 3 109 m3) during the 43 h
during-storm period, then 18 Gg-C of resuspended OM
would be oxidized to DIC, accounting for 40% of the P10-
based during-storm CO2 efflux from the NRE. Autotrophic
oxidation also appeared to have a significant effect on
during-storm CO2 efflux. If we assume that all poststorm
NO{

3 zNO{
2 was produced by particle-associated bacteria

that were resuspended during the storm, then water-column
nitrification alone would decrease pH in the upper NRE by
0.1. The corresponding PCO2

increase would account for
25% of the during-storm CO2 efflux from the entire NRE.
The decrease in pH due to other biological and chemical
oxidation of resuspended inorganic material during Irene
cannot be determined; however, prior research has shown
that NRE sediments contain high concentrations of
reduced inorganic compounds (Matson et al. 1983). Thus,
it seems plausible that oxidation of resuspended inorganic
compounds, input of pore-water DIC, and high gas-
transfer velocities could account for the remaining 35%
of the P10-based during-storm CO2 efflux and the pre- to
poststorm decrease in DIC : salinity.

Controls on poststorm fluxes—Biological processing:
Degradation of riverine OC input was the dominant driver
of CO2 efflux from the upper NRE, based on mass-flux
estimates between 29 August and 08 September. These
results are consistent with observations from other Irene-
affected regions of the Mid-Atlantic Coast. Yoon and
Raymond (2012) and Dhillon and Inamdar (2013) showed
that the erosive energy of Irene’s extreme winds and rainfall
mobilized labile OC that would otherwise remain in
terrestrial sediments, and Klug et al. (2012) found that this
high OC loading dramatically increased heterotrophic
respiration in Irene-affected lakes.

The contribution of riverborne OM decreased along the
longitudinal axis of the NRE and had a relatively smaller
effect on surface waters of the lower NRE and PS, where

Estuarine CO2 fluxes during a hurricane 1661



primary production increased, and poststorm CO2 efflux
appeared to be driven by nonriverine sources. For example,
a large phytoplankton bloom and low PCO2

were noted on
29 August between Sta. 58 and P1, which is bordered by
200 km2 of farmland that was inundated by storm tides
(Figs. 1, 3). Patchy phytoplankton blooms were similarly
observed after Hurricane Floyd, where Paerl et al. (2001)
and Tester et al. (2003) found that high Chl a in the lower
NRE and PS was driven by the input of inorganic nutrients
scoured from marshes and swamps by storm tides.
Supersaturation of both CO2 and O2(aq) in the lower
NRE and PS after Irene, along with the prior observations
of Paerl et al. (2001) and Tester et al. (2003), indicates that
TC-driven export of nutrients and DIC from estuary
sediments and surrounding wetlands can support net efflux
of CO2 to the atmosphere even in net autotrophic surface
waters.

Hydrological forcing: Water-column stratification driven
by river discharge was a major control on poststorm CO2

fluxes in the NRE-PS. Enhanced primary production
decreased surface PCO2

over the poststorm period, while
the degradation of OM increased the quantity of exchange-
able CO2 stored in subpycnal waters by a factor of 10
relative to prestorm conditions (Tables 2–4). We expect
that this is a characteristic response of large, shallow
estuaries like the APS to similar major storm events, but
the magnitude and duration of hydrological forcing can
vary depending on TC intensity and the frequency of
subsequent TCs. For example, three consecutive TCs in
1999 (Dennis, Floyd, and Irene) and a more-intense,
longer-duration TC in 1996 (Fran) vertically stratified the
entire NRE-PS for months rather than weeks (Paerl et al.
2001). Hence, it is clear that the degree of physical and
biogeochemical perturbation of coastal waters depends on
the frequency, intensity, duration, and other storm-specific
attributes of TCs (Wetz and Yoskowitz 2013). A quanti-
tative assessment of the ways in which air–water CO2 efflux
may vary among different TC scenarios requires further
research with longer poststorm observation periods and
emphasis on the persistence of C reservoirs that could
support air–water CO2 efflux.

The future of coastal C storage—Effects of TCs on
regional C budgets: There is compelling evidence that
macrotidal, well-mixed estuaries are sources of atmospheric
CO2 due to the degradation of allochthonous OM, but few
microtidal estuaries have been studied with regard to CO2

flux (Borges and Abril 2011; Crosswell et al. 2012). The
annual CO2 uptakes for the NRE and PS prior to Irene
(Table 5) were larger per area than previously observed in
any estuary (Laruelle et al. 2013), supporting the growing
body of evidence that microtidal systems can be significant
CO2 sinks in the absence of TC-driven perturbation (Koné
et al. 2009; Crosswell et al. 2012; Maher and Eyre 2012).
Microtidal, wind-driven estuaries represent . 70% of the
estuarine surface area along the U.S. Atlantic and Gulf
Coasts (43,607 km2 microtidal, 18,363 km2 macrotidal;
NOAA Coastal Assessment Framework), and it is reason-
able to hypothesize that perturbation by TCs can dramat-
ically increase CO2 efflux from these estuaries and, in some

cases, like the NRE-PS, can convert these systems from
annual sinks to annual sources for atmospheric CO2.

We are confident that our results scale up to the greater
APS system due to the similar watershed, hydrology, and
sediment characteristics of the Pamlico River Estuary and
Albemarle Sound to the NRE (Matson et al. 1983; Fig. 1).
A preliminary budget over this area, as described in the
Methods, shows an air–water efflux of 610 (240) Gg-C
during the 20 d study period. The APS system represents
, 25% of the estuary surface area in the continental U.S.
that experienced extreme winds and storm tides during
Irene, and it is likely that the other Irene-affected estuaries
experienced a similar increase in air–water CO2 efflux.
Supporting this, biogeochemical and hydrological effects
observed after prior TCs in U.S. Atlantic and Gulf Coast
estuaries (e.g., during-storm sediment resuspension and
ventilation of bottom waters, and enhanced poststorm OM
loading, primary production, and bottom-water hypoxia)
were similar to those observed in the NRE-PS after Irene
(Nichols 1993; Hagy et al. 2006; Wetz and Yoskowitz
2013). If we scale our results to all estuaries in the path of
Irene, then we estimate a regional CO2 emission of 3 (1) Tg-
C due to Hurricane Irene. This efflux is of comparable
magnitude to recent estimates of the global TC-driven CO2

efflux from oceans (7 Tg-C yr21; Lévy et al. 2012),
suggesting that TC-driven CO2 efflux from coastal waters
may be an important component of large-scale C budgets.

C pool reactivity: During periods of low TC activity,
organic and inorganic C is thought to be conserved within
the APS system due to efficient biogeochemical recycling
and low-energy conditions (Matson et al. 1983). Our results
show that perturbation by TCs can lead to large export of
C to the atmosphere, supported mostly by mobilization of
pore-water DIC and oxidation of sediment-bound OC. A
corollary to this scenario is that while a TC may remove C
from estuary sediments, the same TC could rapidly
replenish sediment and pore-water C stocks via allochtho-
nous inputs and stimulation of autochthonous C produc-
tion and processing in systems undergoing rapid eutrophi-
cation (Paerl et al. 2006; Middelburg and Herman 2007).
However, based on the poststorm and annual C input to
the NRE, it would take at least two nonstorm years to
replenish the sediment C stocks, even if all allochthonous
and autochthonous OC were retained within the NRE.

Hurricane Irene was a low-intensity TC that predomi-
nantly affected the coastal APS watershed. More-intense or
more-frequent TCs can lead to much higher OC loading to
estuaries (Wetz and Yoskowitz 2013). Benninger et al.
(2008) showed that that the large export of planktonic OC
from PS sediments due to three sequential hurricanes in
1999 was balanced by the input of terrestrial OC. Similarly,
Chambers et al. (2007) estimated that Hurricane Katrina
(category 3 at landfall) mobilized 105 Tg of biomass-
derived C from U.S. Gulf Coast forests, and the results of
Yoon and Raymond (2012) and Dhillon and Inamdar
(2013) suggest that ensuing hurricanes (Hurricanes Rita
2005, Gustav 2008, and Ike 2008) could have washed much
of this OC into estuaries along the U.S. Gulf Coast (e.g.,
Barataria Bay, Mobile Bay, and Lake Pontchartrain).
These and other broadly distributed microtidal estuaries
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are similar to the APS (Reynolds-Fleming and Luettich
2004; Kennish and Paerl 2010), and the capacity of these
estuaries to preserve OC in coastal sediments is expected to
diminish due to anthropogenic changes in land use and
drainage-network hydrology combined with rising sea
levels and increased TC activity (Moorhead and Brinson
1995; Culver et al. 2007). More frequent cycles of OC
deposition and resuspension in shallow coastal waters can
lead to progressive photo- and microbial decay, and the
cumulative effect of these processes provides a mechanism
whereby even refractory OC can be degraded to DIC
(Mayer et al. 2006). Although TC-driven CO2 efflux from
estuaries may be partially balanced by the input of
terrestrial OM, the translocation of C from long-term
reservoirs to estuary sediments represents a pathway
toward export to the atmosphere or ocean.

Response to changing TC activity: Globally, coastal
ecosystems play a significant role in C sequestration and
long-term storage, but changing TC activity may alter the
storage capacity of coastal C reservoirs (Hopkinson et al.
2008; Morton and Barras 2011; Wetz and Yoskowitz 2013).
TCs directly affect the fate of C stocks by exposing C that
was previously nonvolatile or resistant to decay (e.g.,
biologically fixed, loosely bound to mineral surfaces, or
stored in anoxic environments) to conditions that favor C
remineralization and drive CO2 emissions (Blair and Aller
2012). Anecdotal evidence suggests that more severe storms
mobilize a greater proportion of these C stocks than lesser
storms; TCs of category 3 or higher have been shown to
mobilize C that has accumulated in terrestrial and coastal C
reservoirs over decades or even centuries (Chambers et al.
2007; Morton and Barras 2011; DeLaune and White 2012).
If the projected shift toward higher-intensity storms
releases more C than can be replenished despite an overall
decrease in TC frequency, long-term C storage in coastal
regions will ultimately be reduced, displacing C to the
atmospheric and oceanic reservoirs.

Regional projection of these altered coastal C sources
and sinks remains uncertain due to both the poor
downscaling capabilities of global climate models (IPCC
2013) and the lack of quantification of contemporaneous C
budgets and processes involved. Results presented here
represent an important first step toward quantifying the
effect of TC on coastal C dynamics, indicating that a
substantial amount of C mobilized by a single, relatively
low-intensity TC is released to the atmosphere in coastal
waters rather than simply relocated from terrestrial and
wetland storage to an oceanic C sink.
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